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Research in the field of Near Infra-Red (NIR) technologies is in strong development, driven by technological needs in military and civilian applications, such as imaging, optical communications, energy or sensing. 1 Indeed, since 50 % of the solar energy falls into the infrared (IR) spectral region, photovoltaic materials are under development to increase solar cell efficiency. 2 IR-materials are also synthesized for biosensing and bioimaging because IR light penetrates into tissues, the so-called "biological window". 3 In robotics, proximity detection of objects or walls at short distance is enabled by integration of NIR optical sensors.

NIR photodetector matrices can be used for security applications. The main application is identifying finger or palm prints as well as the blood vessel network.

Owing to their ability to conduct electrons, to absorb or emit light, conjugated polymers (CPs) constitute a class of materials with high potential in a broad range of applications in organic electronics, from photovoltaics to sensors. 4 Organic-based devices promise low costs and interesting properties based on their low density, conformability, flexibility and versatility with a wide range of chemical structures. Organic materials absorbing in the NIR region have been much reported over the last two decades including small molecules and organometallics. They have attracted attention due to their various possible applications, from optoelectronic devices to bioimaging and biomedical therapies.

However, low band-gap polymers draw particular attention as they can be employed to elaborate active materials in the NIR region. Their reduced bandgaps determine their optical and electronic properties. Specifically, the synthesis of electron donor-acceptor (D-A) alternating conjugated polymers has demonstrated high potential to decrease the bandgap under 1.5 eV leading to IR-absorbing or emitting materials. 5 Since these polymers can be endfunctionalized, they are the subject of considerable interest for incorporating them into rodcoil block copolymers. Indeed, such materials composed of a block absorbing in the NIR region provide a broader light absorption and enhance the performance of optoelectronic devices. In addition, these materials can be applied to various applications, especially in the 1 Rational design of ratiometric near-infrared fluorescent pH probes with various pKa values, based on aminocyanine, T. Myochin, K.
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In this context, the research presented in this manuscript focuses on the chemical design and synthesis of novel materials based on low band-gap polymers absorbing in the near infrared region.

In Chapter 1, recent developments in the organic near-infrared materials and their applications in organic photovoltaics (OPV), optoelectronic devices such as organic photodetectors (OPD) or organic light-emitting diodes (OLED), medical imaging such as photoacoustic imaging, and minimal invasive therapies such as photodynamic and photothermal therapies are highlighted. The study is mainly on low band-gap polymers and the two major chemistry design approaches to tune their bandgaps. In Chapter 3, a rod-coil block copolymer based on an IR-absorbing block and a soft filmogenic block is designed. Such a block copolymer with filmogenic properties can be employed as an additive to improve the film morphology, mechanical properties and processability of the active layer. This material is synthesized via two synthetic routes: the macroinitiator method and the macro end-capper copolymerization method. The optical, thermal, and structural properties of the different materials synthesized in this chapter are studied. The incorporation of a coil block improved the solubility of the block copolymers, reduced the formation of aggregates and decreased the π-stacking phenomenon.

In Chapter 4, an amphiphilic rod-coil block copolymer based on an IR-absorbing block able to self-assemble in water is designed. The block copolymers were made of a photothermal hydrophobic block and a biocompatible hydrophilic block. This material is synthesized via the macroinitiator synthetic methodology. The optical and photothermal properties of the different materials synthesized in this chapter as well as the morphology of the nano-objects formed in water are studied.

In the experimental part, the synthetic procedures of the different materials developed throughout this manuscript are detailed. In addition, the characterization techniques and their terms of use employed to study the materials are specified.

Introduction générale

Les recherches dans le domaine des technologies Proche Infra-Rouge (PIR) sont en fort développement, motivées par les besoins technologiques dans des applications militaires et civiles telles que l'imagerie, les communications optiques, l'énergie ou la détection. 6 En effet, comme 50% de l'énergie solaire se trouve dans la région spectrale infrarouge (IR), les matériaux photovoltaïques sont en développement pour augmenter l'efficacité des cellules solaires. 7 Les matériaux IR sont aussi synthétisés pour la détection et l'imagerie biologiques car la lumière infrarouge pénètre dans les tissus, aussi appelée « fenêtre biologique ». 8 En robotique, la proximité de détection des objets ou mur à courte distance est rendue possible par l'intégration de détecteurs optiques PIR. Les photodétecteurs PIR peuvent être utilisés dans le domaine de la sécurité. L'application principale envisagée pourrait consister à identifier l'empreinte du doigt ou de la paume ainsi que le réseau de vaisseaux sanguins.

Grâce à leur capacité à conduire les électrons, à absorber ou émettre la lumière, les polymères conjugués (PCs) constituent une classe de matériaux à fort potentiel dans une large gamme d'applications telles que l'électronique organique, le photovoltaïque ou la détection. 9 Les dispositifs organiques promettent des coûts réduits et des propriétés intéressantes grâce à 

I. Organic near-infrared materials

Infrared (IR) light is divided into three parts: near-infrared (NIR), mid-infrared (MIR), and far-infrared (FIR). All of them are invisible to human eyes as their wavelengths are longer than those of visible light. NIR technology, located between 780 nm and 3000 nm, is of particular interest as nearly 50% of solar energy takes place in this region. The field of research on organic near-infrared materials has seen much progress in the past few years, driven by both scientific curiosity and technological need particularly in photonics, optical communications, energy, and advanced optoelectronics. Moreover, NIR light penetrates biological tissues making it greatly useful for biophotonics, bioimaging, and sensing applications. 1 NIR materials, absorbing, emitting, or reflecting NIR light, must present a reduced band-gap, i.e. the energy level difference between the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO). Organic materials such as conjugated polymers presenting a band-gap between 1.6 eV and 3 eV absorb visible light whereas a band-gap below 1.6 eV corresponds to NIR light. Indeed, the band-gap energy Eg (J) is linked to the wavelength of the absorbed photon: Chapter 1: Materials absorbing in the near infrared region and their innovative applications 1) Materials a. Small molecules and organic dyes Generally used in photoelectric/electric applications, small molecules exhibit interesting advantages such as well-defined molecular structures, high purity, great repeatability, and no end-group contaminants. 2 Actually, contrary to polymers, contaminants and impurities can be identified thanks to mass spectrometry for instance and removed more easily. 3 Typically, NIR small molecules include ionic dye molecules, large aromatic molecules, quinoid-type molecules, and donor-acceptor (D-A) type molecules. These organic compounds contain chromophores with well-delocalized π-electrons able to absorb or emit in the NIR region. The production of small molecules with band-gaps below 1.6 eV requires the use of donor and acceptor units with strong abilities.

𝐸 𝑔 =
Changing the electron density on the donor and acceptor units is the most effective approach to tune molecular energy levels and band-gaps. One structure frequently used is the D-A-D structure where the absorption and emission maxima can be tuned by changing the donor and the acceptor. However, it has been shown that the acceptor unit plays a more influential role than the donor unit when it comes to band-gap tuning. The most popular acceptor units to build small molecules with low band-gaps (LBG) are the diketopyrrolopyrrole (DPP) 4 , the thienoisoindigo (TII) 5,6 , the squaraine 7 , and the boron dipyrromethane (BODIPY) 8 (Figure 2).

Figure 2: Chemical structures and optical properties of NIR small molecules based on DPP (2A) 4 , TII (2B) 5,6 , squaraine (2C) 7 , and BODIPY (2D) 8 The use of a π-spacer is also crucial as it can extend or break π-conjugation and support or weaken the quinoid structures. Ji et al. designed a D-A-D small molecule based on the diketopyrrolopyrrole (DPP) showing low band-gap behavior thanks to the introduction of ethynyl groups as π-linkage. 9 Commonly, the electron-rich thiophene spacer is employed as it promotes the quinoid structure and enhances the coplanarity which is favorable for intramolecular charge transfer (ICT). 10 Some other π-spacers can be applied such as dithienothiophene (DTT), dithienosilole (DTS), cyclopentadithiophene (CPDT), and dithienopyrrole (DTP) (Figure 3). 11 Figure 3: Chemical structures of some π-spacers. Adapted from Trang et al. 11 b. Organometallics Also called metal complexes, organometallics absorb in the UV-visible spectral region and show a wide band-gap. Nevertheless, when radical cations or anions are generated upon one-electron oxidation or reduction, the resulting metal-to-ligand or ligand-to-metal charge transfer process (MLCT or LMCT) displays a small HOMO-LUMO gap. This feature favors intense and broad absorptions in the NIR spectral region. One of the most studied NIR organometallics are ruthenium complexes. [12][13][14][15] Among them, we can mention dinuclear ruthenium complexes derived from 1,2dicarbonylhydrazine ligands showing intense metal-to-metal charge transfer band in the NIR region thanks to one of their three possible forms: Ru II /Ru III (Figure 4a).

Another important class of organometallics is metallodithiolene complexes which absorb intensively in the NIR region but weakly in the visible range. These complexes are completely colorless and could be used as visibly transparent absorbers for IR radiation or solar heat (Figure 4b). 16,17 Chapter 1: Materials absorbing in the near infrared region and their innovative applications

Metal complexes represent an important class of photosensitizers and catalysts for light harvesting materials. They can be incorporated into polymer side chains to control the structure, despite the possible side reactions with the active propagating species (Figure 4c). [18][19][20] Thus, metal complexes are integrated in the polymer backbone through different techniques:

postpolymerization complexation, grafting onto strategy, or grafting through strategy using functional monomers. 21 c. Conjugated polymers

In 1977, Heeger, MacDiarmid and Shirakawa 22 put π-conjugated organic macromolecules in the spotlight. These polymers are made of a linear series of overlapping pz orbitals with sp 2 or sp hybridization, thus generating a conjugated chain of delocalized electrons. 23 Then, semi-conducting polymers were further studied and several generations appeared. The first generation includes conjugated polymers with good conductivity but low processability. The second generation consists of conjugated polymers with alkyl chains to improve solubility and, hence, processability. Finally, the most recent generation comprises conjugated polymers with enhanced or new physical/chemical and catalytic properties. This last generation was developed to improve the optoelectronic properties to give high-performance electronic devices. Conjugated polymers designed to absorb in the near-infrared region are part of the third generation. These new π-conjugated organic macromolecules have generally a donor-acceptor alternating structure combining a strong electron-donating unit with a strong Figure 4: a) chemical structure of a dinuclear ruthenium complex and b) its corresponding absorption spectra in solution 15 ; c) chemical structure of a multi-nuclear metallodithiolene complex oligomer and d) its corresponding photos and absorption spectra in film 16 ; e) chemical structure of a polymer backbone decorated with ruthenium side chains. electron-withdrawing unit. They present a band-gap smaller than 1.6 eV and they are called low band-gap polymers.

Like NIR small molecules, low band-gap polymers have been the subject of specific strategies to tune their band-gaps and to shift their absorption in the NIR region. Band-gap engineering is a way to obtain materials with specific properties for optoelectronic and bioimaging applications. The tools to control and tune the band-gap will be detailed later in this manuscript.

2) Applications

The materials previously presented have been developed for different applications in optoelectronics, bioimaging, and photonics. Materials absorbing in the NIR region and/or presenting a low band-gap are particularly attractive in organic photovoltaics (OPVs), organic photodetectors (OPDs), ambipolar organic field-effect transistors (OFETs), organic lightemitting diodes (OLEDs), bioimaging, and variable optical attenuators (VOAs) in photonics.

a. Organic photovoltaics (OPVs)

The photovoltaic effect, also called the Becquerel effect, was first observed in 1839 and consists of the generation of voltage and electric current when a material is exposed to light. 24 The invention of solar cells results from this discovery. Even though silicon solar panels have been widely used for decades, new types of materials emerged to enhance performance while being cheaper, lighter, and more flexible: organic conjugated materials. The working principle of these organic solar cells is based on the absorption of photons generating excitons (i.e.

electron-hole pairs) instead of free charges in the case of silicon solar cells (Figure 5). These excitons move within the material chain and/or between the chains (intermolecular transition, also called the hopping process), but, their lifetime being very short, they can only reach a maximum of 10 nm, which is called the maximum exciton diffusion length. Within this short period, the excitons can recombine or dissociate: the electron hole pairs are split into free charges. The dissociation of excitons occurs at the donor acceptor interface of the small molecule or the polymer if the difference in energy level of LUMO of donor and acceptor is higher than that of exciton binding energy (i.e. 0.2-0.3 eV). Then, the free charges are collected at the electrodes. 25 Performances of organic photovoltaic devices are assessed thanks to the power conversion efficiency (PCE) which is the product of short circuit current (JSC), open circuit voltage (VOC), and fill factor (FF) divided by the radiant flux density. An organic photovoltaic device can be classified by different junction types. The simplest one is the bi-layer heterojunction where an electron acceptor layer rests on an electron donor layer creating a single interface and they are sandwiched between two electrodes (Figure 6a). 26 However, as the photoactive layer is very thin, recombination losses between positive and negative charges are high and the number of excitons collected is low making this device structure the least efficient.

Bulk heterojunction (BHJ) cells are now the most popular and efficient as they consist of a nanoscale blend of donor and acceptor materials increasing the interfacial area and improving charge generation and transport (Figure 6b). 27 In the literature, many examples of blends composed of the regioregular electron donor poly(3-hexylthiophene) (P3HT) and the electron acceptor [6,6]-phenyl C61-butyric acid methyl ester (PCBM) are reported. 28,29 Despite being the best seller research for a decade since its first report in 2002 30 , the P3HT:PCBM blend has shown some limitations in terms of efficiency. 31 Indeed, P3HT has a poor overlap between its absorption spectrum and the sun's irradiance spectrum limiting the harvest of a maximal number of photons. Moreover, PCBM is optically inert, has a poor absorption in the visible range, and has a low LUMO level leading to low VOC. Thus, low band-gap polymers and small molecules were designed and synthesized to maximize the number of photons harvested from sunlight as the maximum photon flux is around 700 nm on the solar spectrum. The use of low band-gap polymers led to bulk heterojunction devices with PCE above 10% 32 . Liang et al. synthesized a star polymer based on the electron donor benzodithiophene (BDT) unit with a band-gap of 1.68 eV reaching 7.4%. 33 Wang et al.

combined benzodithiophene units with electron acceptor naphthothiadiazole (NT) units and mixed it with PC71BM to achieve a PCE of 6%. 34 Low band-gap small molecules were employed to achieve similar performance. [35][36][37] Small molecules like squaraine dyes can be blended with compatible electron-acceptors to yield a new type of BHJ with PCE approaching 8%. [38][39][40][41] These small molecules can be employed as nonfullerene acceptors (NFAs), substituting the widely used fullerene acceptors (FAs), by bringing a complementary absorption to that of the polymer donor, which boosts sunlight harvesting and enhances the PCE. 42,43 Gao et al. developed two novel small molecule acceptors, BTTIC and BTOIC, with optical bandgaps of 1.47 eV and 1.39 eV respectively and blended them with the PBDB donor-polymer to achieve a 13 % PCE thanks to extended absorption to the NIR region. 44 Since 2017, the combination of low band-gap polymer donors and low band-gap non-fullerene acceptors has boosted the PCE to 17%. [45][46][47] 44 b. Organic Photodetectors (OPDs)

Photodetectors are energy converting devices also called transducers: when light energy affects them, they automatically modify one of their features (bulk conductivity for photoresistors, luminescence for scintillators, etc). Their working principle is based on the conversion of absorbed photons into free charge carriers, followed by an electrical response that could be a change in voltage or current in electrical circuits. 48 They are found in environmental monitoring, astronomy, surveillance, machine vision, and cameras in smart phones. Photodetectors are divided in three main categories: photoconductors, photodiodes, and phototransistors. Their performance is assessed by comparing and defining specific features.

The most important characteristics of a photodetector are the external quantum efficiency (EQE) expressed in % which represents the photoelectric conversion capability, the photocurrent density (J) and the dark current density (Jd) which correspond to the current density flowing through a photodetector device under illumination and in the dark, respectively.

At first, photodetectors were based on inorganic semiconductors like silicon for their high charge-carrier mobility, small exciton binding energy, and high stability. However, they were replaced by organic semiconductors due to their complex and expensive manufacturing processes and mechanical inflexibility. Actually, organic semiconductors are composed of weak van der Waals forces between their molecules making them mechanically soft.

For NIR-light detection like in optical communication 49 , remote control 50 , nighttime surveillance 51 , and biomedicine 52,53 , organic photodetectors with a near-infrared response are indispensable. Low band-gap polymers or small molecules are crucial to fabricate this kind of device as they can improve their detection sensitivity and selectivity to capture very weak NIR signals. 54 Moreover, NIR-OPDs have lower cost and higher performance than inorganic photodetectors and only a very thin layer of the material is desired to fully absorb all the incident photons making their processability easier. 55,56 Detectivities above 10 12 cm Hz 1/2 /W (or jones) have been obtained by using low bandgap polymers with a response up to 1450 nm (band-gap as low as 1 eV) by Gong et al. in 2009. 57 Two pioneering works also showed encouraging performances like Yao et al. 58 eV and used them in panchromatic photodetectors with a photoresponse from 300 to 1000 nm. 61 Moreover, Siegmund et al. mixed an electron donor organometallic zinc phthalocyanine (ZnPC) with an electron acceptor buckminsterfullerene (C60) and used an optical microcavity to obtain a NIR photodetector with an EQE above 20%. 62 Now, some efforts have to be made in response time, detectivity, and smaller band-gap to hit the mid-and far-infrared light range. Chapter 1: Materials absorbing in the near infrared region and their innovative applications c. Ambipolar Organic Field-Effect Transistors (OFETs)

Field-effect transistors (FETs) work like capacitors as they use an electric field to control the flow of current. A FET is composed of three terminals: a gate connecting two ohmic contacts, the source and the drain electrodes. 63 Actually, the charge-carriers enter the channel through the source, then the channel conductivity is modulated along the gate when a voltage is applied and finally the charge-carriers leave the channel through the drain. The most crucial factor to assess the performance of a field-effect transistor is the saturated charge carrier mobility (μsat).

In the beginning, FET were based on metal-oxide semiconductors (MOSFET) and rapidly they became the most widely manufactured device in the world. However, to reduce costs of manufacturing while being more environmentally friendly, organic semiconductors were employed to fabricate thin film transistors. Organic field-effect transistors (OFETs)

present several other advantages in comparison to inorganic FETs as they are lightweight, flexible, and solution processable. Among the OFETs, ambipolar transistors are particularly interesting as they can transport either holes or electrons depending on the polarity of the gate voltage. To obtain stable hole and electron transport (i.e. ambipolar properties), semiconductors in the active layer must have HOMO energy levels below -5.0 eV and LUMO levels close to or below -4.0 eV. [START_REF] Beaujuge | Spectral Engineering in π-Conjugated Polymers with Intramolecular Donor-Acceptor Interactions[END_REF] Therefore, energy gap between the HOMO and LUMO levels has to be narrow to utilize ambipolar OFETs in ideal optoelectronic applications. As a result, low band-gap materials, including the ones absorbing in the NIR region, are promising candidates.

Michinobu's group synthesized a benzobisthiadiazole-based polymer (BBT) enriched with an electron-rich thiophene unit reaching a band-gap of 0.75 eV and used it as ambipolar OFET with well-balanced ambipolar characteristics. 65 Giovannitti et al. also played on the sidechain engineering of a polymer based on bithiophene (2T) et thienothiophene (TT) units by functionalizing it with either alkoxy or ethylene glycol side chains. 66 The final materials showed interesting results when used in a device but only unipolar characteristic with a hole mobility When a suitable voltage is applied through a LED, it emits light and the color of this light depends on the energy required for electrons within the material to cross the band-gap. 70,[START_REF] Holonyak | VISIBLE) LIGHT EMISSION FROM Ga(As 1x P x ) JUNCTIONS[END_REF] Development of organic light-emitting diodes (OLEDs) only started in 1987 with the work of Tang et al. 72 Since then, LEDs have been fabricated with semiconductor polymers [START_REF] Abdelsamie | Toward Additive-Free Small-Molecule Organic Solar Cells: Roles of the Donor Crystallization Pathway and Dynamics[END_REF] and small molecules making them flexible contrary to liquid crystal displays (LCDs) and conventional LEDs. 74 Typically, organic light-emitting diode devices are structured with an emitter layer placed between two electrodes (anode and cathode). The working principle is, under an applied electric field, electrons and holes are injected from the electrodes to the active material to form excitons. Then these electron-hole pairs recombine and a radiative emission that generates photons occurs. [START_REF]Fundamentals of OLEDs[END_REF] Performances of OLEDs are assessed by two quantum efficiencies: the internal quantum efficiency ηint (IQE) and the external quantum efficiency ηext (EQE). 76 The luminescence efficiency (or quantum yield ΦPL) is also a significant and realistic parameter to control the performance of an OLED device.

Developing materials able to produce near-infrared emissions are now the next target of research on OLEDs. 77 This new interest is particularly focused on the range from 700 to 1000 nm as it coincides with the biological tissue semitransparency window for biosensing applications and biomedical imaging. Actually, NIR light penetrates more easily than visible light in biological tissues and the clearer window is between 700 and 1000 nm to make in vivo imaging because above 1000 nm water and lipids absorb more prominently. 78 These NIR-OLEDs could also be used for space applications, short-range communications, night vision, security authentication technologies exploiting biometrics, and transmitters in visible light communication networks. 79 Moreover, using NIR materials for OLEDs devices increases their stability and durability as these materials require less energy than UV materials (i.e. Variable optical attenuators play different role in wavelength-division multiplexing networks and in cross-connected nodes. They are useful to control optical signals and to regulate dynamic channel power. Usually, they operate at the telecommunication wavelengths (e.g., 1330 and 1550 nm). Active materials in the NIR-II region are thereby perfect candidates for this application. Moreover, NIR-absorbing materials are most of the time electrochemically active or electrochromic, making them useful for switching devices like electrochromic VOAs as they can tune the electrical and optical properties. [START_REF] Wang | Near-Infrared Absorbing Organic Materials[END_REF] Electrochromic materials are mostly found in domotic applications such as rear-view mirrors in cars or transparency controlled window. [START_REF] Vergaz | Variable Optical Attenuator Made by Using New Electrochromic Devices[END_REF] The main point is to use materials that display reversible and stable optical changes at the telecommunication wavelengths.

Organometallics such as dinuclear ruthenium complexes have excellent NIR electrochromic properties, making them convenient for photonic applications. [START_REF] Mcdonagh | A Variable Optical Attenuator Operating in the Near-Infrared Region Based on an Electrochromic Molybdenum Complex[END_REF] Zhang et al.

improved a NIR electrochromic attenuator by replacing the visible electrochromic ferrocene with the NIR-absorbing ruthenium complex and mixing it with a polycrystalline tungsten oxide. [START_REF] Zhang | Near Infrared Electrochromic Variable Optical Attenuator Based on Ruthenium Complex and Polycrystalline Tungsten Oxide[END_REF] Radical anions of conjugated diquinones are also reported in literature to have NIRabsorbing electrochromism. The use of specific polymers was proved by Zheng et al. as they fabricated an electrochromic VOA based on the layer-by-layer assembly of naphtalene-SO3-Na and the cationic polymer poly(diallyldimethylammonium) chloride (PDDA) operating in the NIR region from 1200 nm to 1900 nm. [START_REF] Zheng | Near Infrared Electrochromic Variable Optical Attenuator Fabricated by Layer-by-Layer Assembly[END_REF] He. et al. employed a low band-gap polymer (Eg = 1.57 eV) based on nature-inspired bay-annulated indigo (BAI) as electron acceptor unit to build an electrochromic device that can switch reversibly in both the visible and NIR regions. [START_REF] He | Low Band-gap Conjugated Polymers Based on a Nature-Inspired Bay-Annulated Indigo (BAI) Acceptor as Stable Electrochromic Materials[END_REF] f. Photoacoustic imaging In the field of medical imaging, photoacoustic (PA) imaging is an emerging noninvasive technique based on the photoacoustic effect. This physical effect rests on the formation of sound or ultrasound waves resulting from light absorption. In PA imaging, a nanosecondpulsed laser irradiates the tissues, the biomolecules within it (e.g. melanin, collagen, hemoglobin, DNA (deoxyribonucleic acid), etc.) absorb the light creating a time-varying thermal expansion-relaxation process responsible for the generation of acoustic waves.

Depending on the molecule-based nanoparticle, different information is collected from tumor imaging to real-time drug detection (Figure 7).

The images obtained through the acquisition of these PA waves are of high-resolution because sound scatters less than light in biological tissues. Formally, PA imaging relies on visible light but recently NIR-I (700 to 1000 nm) and NIR-II (1000 to 1700 nm) regions were explored to offer high spatial resolution, deeper penetration depth, reduced optical absorption, and tissue scattering. The imaging depth is significantly improved as NIR region allows higher light excitation energy density. Moreover, using NIR light reduces tissue scattering: tissues are more transparent at longer wavelengths. To measure the tissue oxygenation, the level of oxyhemoglobin must be investigated and its maximum absorption is around 1064 nm. The biggest drawback of working in the NIR region is that water strongly absorbs between 1400 to 1500 nm. Adapted from Jiang et al. [START_REF] Jiang | Broadband Absorbing Semiconducting Polymer Nanoparticles for Photoacoustic Imaging in Second Near-Infrared Window[END_REF] To increase the PA signal generated upon irradiation, the use of effective contrast agents is necessary. These agents are based on organic or inorganic nanoparticles absorbing around 1064 nm because the commercially available and most used device is a 1064-nm nanosecond laser. [START_REF] Upputuri | Photoacoustic Imaging in the Second Near-Infrared Window: A Review[END_REF] Organic nanoparticles absorbing in the NIR region have the main advantage to be biocompatible and to have size-independent optical properties in comparison to inorganic nanomaterials. [START_REF] Jiang | Advanced Photoacoustic Imaging Applications of Near-Infrared Absorbing Organic Nanoparticles[END_REF] Jiang et al. reported the synthesis of contrast agent based on donor-acceptor conjugated polymer dispersed in water as nanoparticles thanks to the poly(ethylene glycol)-b-PPG-b-poly(ethylene glycol) PEG-b-PPG-b-PEG triblock copolymer surfactant (Figure 8). The final semi-conductive polymer nanoparticles absorb in both NIR-I and NIR-II regions while providing good images of brain vasculature in living rats. [START_REF] Jiang | Broadband Absorbing Semiconducting Polymer Nanoparticles for Photoacoustic Imaging in Second Near-Infrared Window[END_REF] In another example, Sun et al.

developed nanoparticles based on a narrow band-gap D-A conjugated polymer (TBDOPV-DT) obtained by nanoprecipitation with the PEG-b-PDLLA block copolymer as surfactant. [START_REF] Sun | Second Near-Infrared Conjugated Polymer Nanoparticles for Photoacoustic Imaging and Photothermal Therapy[END_REF] g. Photodynamic therapy

Photodynamic therapy is a minimally invasive treatment for various malignant tumors.

This therapy is divided in three phases: the introduction of a photosensitizer, the light irradiation on the lesion area, and the production of cytotoxic singlet oxygen ( 1 O2) and reactive oxygen species. Upon irradiation, the photosensitizer transfers its excited triplet state energy to molecular oxygen or substrates in its environment. The reactive oxygen species are able to destruct the tumor cells via oxidation, disruption of homeostasis, and ion transportation. This method avoids the use of toxic drugs or radioactive rays while limiting scars and speeding up healing. [START_REF] Deng | Recent Progress in Near Infrared Light Triggered Photodynamic Therapy[END_REF] Besides, most of the photosensitizers used for photodynamic therapy show a good selectivity for damaged tissues while avoiding the destruction of healthy tissues. [START_REF] Allison | Future of Oncologic Photodynamic Therapy[END_REF] Up to now, this phenomenon remains unclear but some research suggests that the membrane of cancer cells is larger than healthy ones allowing more efficient accumulation of the photosensitizer. 100 Moreover, cancer cells overexpress receptor proteins and show higher concentration of glutathione with increase of the medium acidity. 101 These chemical and biochemical differences are exploited to enhance the selectivity of photosensitizers.

When the treatment uses photosensitizers activated by UV-visible light, it is only restricted to superficial lesions. To travel deeper into biological tissues and treat deep lesions, NIR-activated photosensitizer is needed. Several strategies are targeted by using small molecules, organic and inorganic nanoparticles. Yuan's group showed a mitochondria-targeting photodynamic therapy (mithochondria are the power source of each biological cells) by forming nanoparticles based on a tetraphenylporphine-terminated amphiphilic copolymer poly(styrene)b-(PS-b-POEGMA-TPP) and an iodinated boron dipyrromethene photosensitizer (BDPI) absorbing in the NIR region (Figure 9). The tetraphenylporphine and the BDPI were chosen because there are a superior mitochondrial-targeting ligand and a high singlet oxygen producer, respectively. 102 h. Photothermal therapy

In addition to photodynamic therapy, photothermal therapy is a minimal invasive therapy to treat tumors based on the irradiation of the targeted cells with a specific photosensitizer followed by the release of heat (i.e. articifial elevation of the tissue temperature). 103 The main difference in comparison to photodynamic therapy is that it does not require oxygen to kill the cancer cells. In fact, hyperthermia eradicates the cells via protein denaturation or rupture of the cellular membrane. 104 This kind of therapy presents the major advantage to remove cancerous cells by acting with minimal invasion to surrounding healthy cells and tissues. Usually, tissue damages are observed between 55 and 95°C and a lot of natural photothermal agents are already present in the human body such as hemoglobin and melanin.

Again, NIR-absorbing agents are necessary to treat deeper biological tissues with high photothermal conversion efficiency while limiting their damages to healthy tissues. 105 or through a nonradiative relaxation pathway. This second possibility is responsible for photothermal effects.

Fluorescent small molecules and organometallics such as cyanine, porphyrin, BODIPY and phthalocyanine can also be employed as NIR-absorbing photothermal agents. Concerning this thesis project, materials absorbing in the spectral range 650-1000 nm are targeted in order to obtain active materials in the NIR region. This study will focus mainly on low band-gap polymers as it is the predominant research axis of the group.

II. Low band-gap polymers 1) Definition and types

This novel type of π-conjugated organic macromolecule is particularly interesting because it marks the apparition of polymers presenting narrow optical band-gaps, tunable energy levels, and desired electronic properties. As previously mentioned, these so-called low band-gap polymers can even present a band-gap smaller than 1.6 eV and absorb in the near-IR range.

First generation conjugated polymers such as polyphenylenevinylenes (PPVs) and polythiophenes (PTs) display large optical band-gaps and are not efficient to harvest near-IR photons. Therefore, a major task for polymer chemists was to reduce the band-gap and to tune the energy levels of the conjugated polymers. In addition to π-conjugation length, band-gap engineering needs to take in account several important factors 118 :

-bond length alternation (BLA), which is the difference in length between single and double bonds. Low band-gap materials present reduced BLA.

-molecular planarity, which favors orbital overlap and electron delocalization.

-aromatic resonance energy, which influences the confinement or delocalization of the π-electron.

-substituent groups, which affect the electronic state, solubility, molecular stacking, and morphology of the entire material.

-intermolecular or interchain interactions, which alter the aggregation behavior and therefore the photophysical properties.

-oxidation and reduction states, as radical cations or anions influence the energy levels and intramolecular charge transfer.

One solution is to design polymers with larger π-conjugation by increasing chain length and fusing more aromatic rings in the backbone. But these strategies do not show the best results

to control the band-gap and energy levels. As a result, two major chemistry design approaches were generated: stabilizing the quinoid resonance structure and taking advantage of donoracceptor interactions. 119 Now, it has been proved that these two methods are more efficient when combined.

a. Conjugated quinoid type polymers

Generally, conjugated polymers exist under two resonance structures: aromatic and quinoid (Figure 11). When polymers adopt the quinoid structure, aromaticity is lost and there is no more stabilization energy: this structure is energetically less stable but presents a smaller band-gap. Some progress in the stabilization of the quinoid form have been reported by fusing another aromatic ring to the polymer backbone. 120 Indeed, this technique provides a large aromatic resonance stabilization energy and the band-gap is efficiently reduced. called hybridization where a higher HOMO and a lower LUMO are produced, giving a narrower optical band-gap (Figure 13).

The decrease in bond length alternation and therefore band-gap is also explained by the existence of two resonance forms that coexist within the polymer backbone (D-A ↔ D + =A -). 127 Havinga et al. were the first to report this approach with the synthesis of polysquaraines (PSA) and polycroconaines (PCA) presenting band-gaps of 0.4 eV and 1.15 eV, respectively (Table 5, entries 1 and 2). 128,129 From then on, researchers focused on the choice of donor and acceptor building blocks as they have a critical impact on the enhancement of band-gaps. 130 Among the strong electron-donating units, we found benzodithiophene (BDT), cyclopentadithiophene (CPDT), and dithienosilole (DTS) to only cite a few. On the side of strong electron-withdrawing units, we found benzothiadiazole (BT), diketopyrrolopyrrole (DPP), and diazapentalene (DAP) (Figure 14). 

2) Polycondensation

Step-growth or condensation polymerization is the main synthetic route to obtain low band-gap polymers. The basic principle of this kind of polymerization is the reaction of complementary reactive groups borne by difunctional monomers. 133 For instance, diacid and dialcohol monomers react to create a polyester. Monomers can react at any time in consecutive reactions, allowing macromolecules to grow, often followed by the elimination of a small molecule as a by-product (water in the case of the polyesterification).

The first condensation polymer was the Bakelite resins obtained through the condensation of phenol and formaldehyde and discovered by the Belgian chemist, Baekeland, in 1907. Then, Wallace Carothers and his coworkers found the now famous polymers, nylon and polyester, and established the fundamental principles and equations of step-growth polymerization: the so-called Carothers equation. 134 Step-growth polymerization should not be confused with chain-growth polymerization as they are fundamentally different regarding their mechanisms, the way the molar mass increases as a function of monomer conversion, and their activation energy. In step-growth polymerizations, the reaction is activated by heat without chemical initiator. There is no initiation step as in chain-growth polymerizations. High molar mass chains are only produced at very high conversions, contrary to chain-growth polymerizations. 135 Among the most important condensation polymers, we can cite polyesters, polycarbonates, polyamides, polyisocyanates, polysiloxanes, polysulfides, and polyether ketones. Currently, investigations head towards click reactions, olefin metathesis, and multicomponent reactions. 136 a. Theoretical consideration Condensation polymers, also known as step-growth polymers, are obtained through a series of steps achieved by successive reactions between difunctional monomers. 137 Stepgrowth polymerizations involve monomers possessing chemical functions that can constitute covalent bonds with each other. When these functions are present in the same molecule, the monomer is called AB-monomer where A and B represent complementary reactive groups.

When these functions are present in two difunctional molecules, the monomers are referred to AA and BB monomers (Figure 15).

One of the most important factors used to characterize macromolecules is the numberaverage degree of polymerization obtained by dividing the initial number of reactive functions by the number of reactive functions at time t. By taking the example of a step-growth reaction involving two different functional groups A and B, the number-average degree of polymerization can be defined as follows:

𝐷𝑃 𝑛 = 𝜈 𝐴 0 𝜈 𝐴 = 𝜈 𝐵 0 𝜈 𝐵 Equation 1.3
where 𝜈 𝐴 0 (or 𝜈 𝐵 0 ) represents the initial number of A functional groups (or B) and 𝜈 𝐴 (or 𝜈 𝐵 ) the number of A functional groups at time t (or B).

The extent of reaction, the conversion p, which represents the fraction of reacted functional groups in the reaction mixture is defined as:

𝑝 = 1 - 𝜈 𝐴 𝜈 𝐴 0 Equation 1.4
Thus, the number average degree of polymerization can be written: As p increases, DPn increases but it is very difficult to achieve full conversion (i.e. p =1)

since the monomers should be really pure, no side reaction should occur and the viscosity of the medium has to be limited. These are the reasons why polymers obtained through condensation polymerizations do not usually present very high molar masses (Figure 16).

In addition, the weight-average degree of polymerization can be defined as:

𝐷𝑃 𝑤 = 1+𝑝 1-𝑝 Equation 1.6
These two characteristics describe, the molar mass dispersity, Ð, giving an idea of the width of a molar mass distribution, can be introduced as:

Ð = 𝑀 𝑤 𝑀 𝑛 = 𝐷𝑃 𝑤 𝐷𝑃 𝑛 = 1 + 𝑝 Equation 1.7
Where Mw and Mn stand for the weight-average molar mass and the number-average molar mass, respectively. Typically, Ð approaches 2 as the extent of reaction p tends towards 1.

When a condensation polymerization occurs with a stoichiometric imbalance between the numbers of reactive groups A and B, due to either incomplete purification or minor mishandling, the direct consequence is a decrease in the average degree of polymerization. The stoichiometric ratio r, always less than or equal to 1, is defined by: From this ratio r, new relationships are obtained. The total number of chain ends (νends) is given by summing the number of unreacted functional groups 𝜈 𝐴 and 𝜈 𝐵 after the reaction reaches the extent p :

𝜈 𝑒𝑛𝑑𝑠 = (1 -𝑝)𝜈 𝐴 0 + (1 -𝑝𝑟)𝜈 𝐵 0 = (1 -𝑝 + 1-𝑝𝑟 𝑟 )𝜈 𝐴 0 Equation 1.9
As a result, we can define the total number of chains (νchains) which is half the number of chain ends:

𝜈 𝑐ℎ𝑎𝑖𝑛𝑠 = 1 2 (1 + 1 𝑟 -2𝑝)𝜈 𝐴 0 Equation 1.10
And the total number of repeat units (νrepeat units) corresponding to the number of monomer molecules present initially:

𝜈 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡𝑠 = 1 2 𝜈 𝐴 0 + 1 2 𝜈 𝐵 0 = 1 2 (1 + 1 𝑟 ) 𝜈 𝐴 0 Equation 1.11
Finally, all these relationships lead to a new definition of the number-average degree of polymerization by dividing the number of repeat units 𝜈 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡𝑠 by the number of chains 𝜈 𝑐ℎ𝑎𝑖𝑛𝑠 :

𝐷𝑃 𝑛 = 1+ 1 𝑟 ⁄ 1+ 1 𝑟 ⁄ -2𝑝 = 1+𝑟 1+𝑟-2𝑝𝑟 Equation 1.12
For general polymers, the number-average molar mass 𝑀 𝑛 is found by multiplying the molar mass of the repeat unit 𝑀 0 by the number-average degree of polymerization 𝐷𝑃 𝑛 . 138 In the case of condensation polymers, this calculation requires more reflection and sometimes correction. Indeed, if we consider an AB monomer, the repeat unit is the ab entity with the elimination of one by-product molecule whereas if we consider the AA and BB monomers, the repeat unit is the aabb entity with the elimination of two by-product molecules, AA + BB.

Hence, the number of aa + bb entity is twice the number of aabb entity. From this conclusion, the number average molar mass 𝑀 𝑛 , in the case of polymerization of AA and BB monomers, is obtained as follows:

𝑀 𝑛 = (𝑀 𝐴𝐴 +𝑀 𝐵𝐵 )×𝐷𝑃 𝑛 2 = 𝑀 0 ×𝐷𝑃 𝑛 2 Equation 1.13
where 𝐷𝑃 𝑛 is linked with the average molecular weight of the two kinds of monomer units in the structure.

b. Low band-gap polymerization technique

Low band-gap polymers are mainly polymerized by cross-coupling reactions/polycondensations with palladium catalysts. 139 The overall equation of cross-coupling polymerizations is defined in Figure 17, where M-R1-M represents a metal-organic AA monomer and X-R2-X an organic halide or triflate BB monomer.

These reactions are catalyzed by transition metal complexes, mostly palladium catalysts. 140 They are more stable than nickel catalysts despite having a tendency to break the catalyst/polymer π-complex.

One of the most employed cross-coupling polycondensation is the Stille polycondensation which consists of the repetition of Stille reactions between two monomers to give a polymer. This coupling reaction involves an organostannane (also called organotin) and When this polymerization occurs via the AA/BB approach (Figure 18), it involves two different monomers: one substituted with two organotin functional groups and the other substituted with two halides or triflate.

The catalytic cycle of the Stille reaction given below (Figure 19) is composed of several steps:

-an oxidative addition of organic electrophile R 1 -X to a Pd(0) complex -a transmetallation between the Pd complex and the organostannane R 2 -SnMe3, which is a slow proccess to form the intermediate R 1 -LnPd(II)-R 2 -a reductive elimination of the final product R 1 -R 2 through a trans-cis isomerization and the regeneration of the Pd(0) catalyst During the first step, the oxidative addition of R 1 -X to Pd(0) can be performed through a nucleophilic substitution 2 (SN2) for halides with a C(sp 3 )-X or through a three-center transition state between the electrophile R 1 -X and the active Pd(0) for halides with a C(sp 2 )-X.

The latter produces a kinetic product of cis-[Pd(II)RXL2] complex which isomerizes to a more thermodynamically stable trans-[PdRXL2] complex. 144 The transmetallation step is different in the Stille reaction by analogy with other Pdcatalyzed cross-coupling reactions. Indeed, the organostannane R 2 -SnMe3 reacts with the Pd complex giving a Sn-C bond cleavage and a Pd-C bond formation where the Sn-C bond is not as strong and as polar as other metal-carbon bonds (e.g. B-C bond in the Suzuki reaction).

Concerning the choice of the dihalide (or ditriflate), the diiodo monomers are often preferred as they are more reactive. Actually, a strong electron-rich di-organotin favors the transmetallation step and a strong electron-deficient dihalide or ditriflate promotes the oxidative addition. These two features combined facilitate the synthesis of polymers with high molar mass.

The active Pd(0) catalyst used during the first step is formed from a Pd(II) precursor by a reduction through an organostannane before entering the catalytic cycle. The most popular Pd(0) catalysts used for the Stille polycondensation are Pd(PPh3)4 and Pd2(dba)3, the latter being more air-stable than the former. 145 PPh3 is commonly employed as a reducing agent when Pd(II) is used as the Pd source. 146 As in the Suzuki reaction, a combination of Pd catalysts and phosphine ligands is a familiar use to achieve high catalytic performance despite their sensitivity to trace amounts of oxygen and moisture. Recently, bulky phosphine ligands were found to be useful in every step of the catalytic cycle of the Stille reaction. 147 Generally, Stille polycondensations are performed in common solvents such as benzene, toluene, xylene, THF, DMF, and chloroform (CHCl3). The solvent must be chosen according to its power of solubilisation of the organic reactants, the intermediates, and the growing polymer chain but also according to its power of stabilization of the catalyst. High-boiling solvents are preferred as the polycondensation requires high temperatures to promote the reaction and increase the solubility of the final polymer. Thus, toluene and chlorobenzene are the most common solvent used as they show high-boiling points and low polarities.

Some additives such as inorganic salts can be employed to accelerate the coupling (e.g.

LiCl), to activate the organostannane (e.g. fluoride salts), and to increase the reaction rate (e.g.

Cu(I) salts).

Unfortunately, some side reactions can occur during the Stille cross-coupling. Actually, if the reagents are not stable against high temperatures, they can decompose and lead to side reactions. 148,149 The major advantages of the Stille polycondensation are the mild reaction conditions, the various usable functional groups, and the stereo-and regio-selectivities. Even though the organostannane monomer is quite stable against oxygen and moisture, its high neurotoxicity makes it a major drawback. 67 Occasionally, these stannylated products require time-consuming and skilled purifications. Phosphine ligands can cause issues too as they are sensitive to moisture and air, expensive, and toxic. Some responses have been formulated to make the Stille polycondensation greener, including for instance the use of recyclable and less toxic molecular stannanes. Finally, while the Stille polycondensation requires a precise stoichiometric balance, some monomers can be subjected to homocoupling causing defects in the polymer chains. 150- 154 A new solution is coming to the surface to reach high molar mass polymers with low dispersities: microwave-assisted polymerizations. 155 To conclude, in Stille reactions, the optimization of the reaction conditions is a crucial point to achieve high yields (i.e. high degrees of polymerization) and controlled dispersities to give high-quality polymers.

3) End functionalization in polycondensation

The introduction of functional groups at the beginning and/or at the end of each polymer chain broadens the range of possible applications. The functionalized polymers can, for example, be covalently attached to another polymer or to an inorganic/metal surface permitting the elaboration of new and multifunctional materials. 156 Several methodologies have been developed to functionalize the end of conjugated polymers made through a polycondensation and will be described below.

a. Monofunctional end-capper: a one-step strategy

The first methodology is the incorporation of a monofunctional reagent/end-capper in addition to the AA and BB monomers, from the beginning of the polymerization. Because of its monofunctional nature, this molecular end-capper ends the chain extension where it reacts and provides a new functionality (Figure 20). The major advantage of this procedure is its onestep behavior, saving time and materials. Frequently, this functionality at the end of the polymer chain can be chemically modified to complete further reactions (e.g. initiation of a second polymer by using the functionality as an initiator) or to be further grafted onto substrates and surfaces. The challenges in the end functionalization are the determination of the end-capping efficiency and the separation of functionalized and non-functionalized polymers.

From the theoretical point of view, by taking the example of a step-growth reaction involving two different functional groups A and B and a monofunctional reagent C as endcapper, the stoichiometric ratio r, presented in II. 2) a., must be redefined as follows:

𝑟 ′ = 𝜈 𝐴 0 𝜈 𝐵 0 +2𝜈 𝐶 0 Equation 1.14
where the factor 2 relative to the monofunctional reagent C is introduced to show it has the same effect on the 𝐷𝑃 𝑛 as a difunctional reagent. Stoichiometric imbalance and/or the use of monofunctional reagents have a strong effect on the number average degree of polymerization 𝐷𝑃 𝑛 . 157 Actually, the bigger the stoichiometric imbalance is, the lower average chain-length is. 158 Schmücker et al. employed Suzuki polycondensation to synthesize and endfunctionalize a poly(p-phenylene) (PPP) polymer by adding an alkoxyamine TIPNO (2,2,5trimethyl-4-phenyl-3-azahexane-3-nitroxide) bearing a brominated phenyl moiety labelled as pBrStTIPNO in the mixture (Figure 23a). The bi-functional macroinitiator was used to initiate the polymerization of temperature-responsive blocks based on N-isopropylacrylamide (NIPAAm) (Figure 21). 159 end-groups via Sonogashira coupling reaction. They chose to add the aryl iodide functional group in stoichiometric excess by increasing the amount of end-capper (0.1 eq compared to 1

eq for AA and BB monomers) and obtained moderate molar masses (i.e. Mn = 7200 g.mol -1 ).

The final material showed low band-gap characteristics since its cation radical absorption spectrum, obtained via pulse radiolysis study, showed two absorption bands a 640 nm and 1350 nm. 160 Dan et al. also showed a proper use of one pot synthesis via a polycondensation known as Michael addition by mixing a difunctional acrylate and a difunctional thiol with a monofunctional thiol. The final telechelic polymer was properly end-functionalized thanks to a good control of the stoichiometry balance. 161 Harris et al. showed one of the best example of this synthetic strategy in the literature. In their paper, they examined the end-capping efficacy by realizing multiple one-pot reactions implying a dibromofluorene monomer (F), a stannylated thienothiophene (TT), and several end-capping reagents such as bromobenzene, 4bromotoluene, and 4-iodotoluene (Figure 22a). These end-cappers present different reactivity and thus led to different molar masses. They defined and quantified each polymer's end-groups by Matrix Assisted Laser Desorption Ionization Time-of-Flight analyses (MALDI-ToF) (Figure 22b) and it turned out that the polymer functionalized with bromofluorene showed the smallest amount of defects (Figure 23b). Chapter 1: Materials absorbing in the near infrared region and their innovative applications 53 a bifunctionalized polymer showing an optical band-gap of 1.31 eV with a maximum absorption around 780 nm in thin films (Figure 23c). 163 Robb et al. also used a one-step strategy via Stille polycondensation to yield an end-functionalized D-A conjugated polymer with perylene diimide (PDI) units. By increasing the amount of bromine function, the final polymer was bifunctionalized and showed an optical band-gap around 1.41 eV (Figure 23d). 164 b. In situ termination

In general, the in situ method is based on the exploitation of the high reactivity of the propagating species and the controlled nature of the polymerization. The most well-known example of this method is the end-functionalization of polythiophenes through Kumada catalyst-transfer polycondensation (KCTP). This controlled polymerization is based on the combination of thiophene monomer equipped with a Grignard reagent (MgX) and a halogen functionality with the Ni-catalyst initiator.

However, this method can be applied to step-growth polycondensations (Figure 24). The end-capping molecule is introduced in the reaction mixture after the subsequent polymerization to react with the chain ends. This technique is similar to the previously described method in the II. 3) a. section, but it exploits a monofunctional molecule which is introduced at the end of the polymerization step. In general, this method, when applied to step-growth polymerizations, relies on the introduction of one of the AA/BB monomers in slight stoichiometric excess to ensure that all the chains are terminated with the same reactive group (e.g. stannylated group).

Then, the monofunctional quenching molecule (e.g. bromine group) is added to the mixture at the end of the polymerization. Theoretically, if all the chains are stannyl terminated, all the monofunctional molecule bearing bromine groups will quench both chain ends. The advantage of this method is the highest probability to end-functionalize all the chains. Yet, this method can produce a mixture of end-capped and non-end-capped polymer chains if all the chains are not correctly terminated with stannylated groups, leading to time-consuming purifications. In addition, this technique is not a one-step procedure as the end-capping molecule is added at the end of the polymerization, increasing the chance to pollute the reaction medium. presenting an optical band-gap around 1.4 eV. Actually, they introduced the stannylate monomer DTG in a 1% excess in order to induce a stannylated chain termination due to the stoichiometric imbalance (Figure 27a). Then, they added the 4-iodotoluene end-capper in excess to quench all the stannyl terminations. After MALDI Mass Spectrometry (MALDI-MS)

and Nuclear Magnetic Resonance (NMR) analyses, it turned out the exact identity of the chain ends was more complex due to debromination and/or destannylation. 165 Actually, most of the chain ends were monofunctionalized with the toluene (84%) but some chains were bifunctionalized with hydrogen (16%) (Figure 25b). quenching with methanol, the 2-bromothiophene (T) and the stannylated-thiophene (T) endcappers were added subsequently in 4 equivalents and 8 equivalents, respectively. In the end, the final polymer P2 showed a moderate molar mass of 30 kg.mol -1 with an optical band-gap around 1.4 eV (Figure 27b). By comparing with a non-functionalized polymer P1, X-ray photoelectron spectroscopy (XPS) was employed to determine the composition of the polymer P2 by probing peaks due to Sn and Br (Figure 26). Bazan's group concluded to a successful end-functionalization as no Sn and Br peaks were found on the core level XPS spectrum of P2, contrary to the one of the non-functionalized polymer. 166,167 Stille, Suzuki and Sonogashira polycondensations, respectively (Figure 27c). As for the previous examples cited, they introduced the dihaloarene monomer in slight excess to ensure that the polymer chains were terminated with an aryl halide and then, after polymerization, added the norbornadiene end-capper in the mixture. All of the polycondensations employed in this paper were equally successful as the end-capping procedure was based on hydroarylation reactions of norbornadiene using reductive conditions. Even though the subsequent polymers do not show low band-gap features, they were employed as macroinitiators to build triblock copolymers showing red emission photoluminescence in thin films. 168 Baycan Koyuncu et al.

showed an excellent example of in situ functionalization of low band-gap polymers. Indeed, they synthesized a polymer with an optical band-gap around 1.77 eV based on benzothiadiazole (BT) units and fluorene (F) units via Suzuki polycondensation and added vinyl end-groups (4bromostyrene and 4-vinylphenyl boronic acid) at the end of the reaction (Figure 27d). The presence of the end-groups was determined by using 1 H NMR: vinylic proton resonances were observed. Yet, this method is not completely efficient to assess the end-capping efficiency as it was used on non-purified polymers. Hence, the presence of the vinylic proton could come from Chapter 1: Materials absorbing in the near infrared region and their innovative applications 57 bromobenzene in the mixture to introduce polymerizable double bonds at the end chain of the polymer and phenyl groups at the other end. 1 H NMR and attenuated total reflectance (ATR)

were used to confirm the introduction of the end double bonds after purification of the polymer but no functionalization rate could be calculated. 170 c. Post-polymerization modification

In this method, the end-modification of the polymer is performed in a second experimental procedure after the first polymerization and purification. In the general case, this strategy of modification presents several synthetic assets as the choice of the functional group is not as limited as in the two previous strategies. This technique also offers the possibility to select the functionalization on both chain-ends with the same or different end-groups (Figure 28). 171 Protected functional monomers can be polymerized to terminate all the end chains with a specific functionality. After purification, the functional groups are deprotected and modified.

The post-polymerization modification can be done under various forms like cross-coupling reactions, Vilsmeier-Haack formylation, gaseous CO2 and hydrochloric acid treatments, lithiation, etc. 172

However, this technique is arduous as the chain ends of a polymer obtained via a stepgrowth polymerization are most of the time quenched with hydrogen atoms after purification.

Hence, the reaction of functional groups on deactivated chain ends is inaccessible. That is why 

III. Hybrid materials involving low band-gap polymers 1) Principle

Generally, a hybrid material is a composite of inorganic and organic compounds. This section will focus on hybrid materials made of conjugated polymers (CPs) and inorganic metals or carbon-based materials, covalently linked together. This kind of material is obtained by grafting CPs onto various kinds of inorganic substrates by means of diverse synthetic strategies and have attracted significant consideration in the past few years. 175 This new field of research mainly arose to improve the interfaces between the different organic and inorganic layers superimposed in organic electronic devices in order to enhance their performances and lifetimes. 176 Among these interfaces, we can cite the ones between electrodes and the organic semiconductor layers affecting charge injection, charge transport, and charge recombination. 175 Solutions to reduce charge traps and to improve charge mobility are to coat an interlayer or to covalently modify the electrode surface. Indium tin oxide (ITO), a common material used in OLEDs and OPVs, is frequently used to design hybrid materials.

Interfaces between electron donors and acceptors within the bulk heterojunction of solar cells are also of great importance as they can hold a space-charge region where charge transport and charge recombination are inefficient. Incorporating n-type inorganic materials in the active layer as electron acceptors is one solution to increase the mobility creating a pathway for charges. The biggest advantage of inorganic materials is that they show a better stability against oxygen and moisture than organic materials making devices more stable. Among the possible inorganic materials presented in Figure 34, nanocrystals such as CdSe and CdTe are the most popular thanks to two features: they absorb visible light and they can complete the photocurrent.

Among the possibilities, metal oxide nanoparticles such as ZnO and TiO2 are also commonly used due to their morphologies and dimensions making them useful to complement the absorptions in the visible light and to obtain vertical structures which enhance the charge transport. Other inorganic materials can be employed like carbon nanotube (CNT), graphene, and graphene oxide (GO).

However, nanoparticles and nanocrystals present a risk of aggregation which can reduce the efficiency of charge transport leading to limited performance in hybrid-based devices. The formation of aggregates depends on the intimate mixing of active layer components. Hence, the deposition procedure is a crucial step that must be controlled. Moreover, the intimate mixing leans on the type and the area of nanoparticle surfaces. Grafting conjugated polymers onto these nanoparticles is the solution to modify and enhance their surface while improving the intimate mixing by suppressing the aggregation phenomenon.

Finally, hybrid materials including conjugated polymers have found great interest in other applications such as OLEDs, sensors, transistors or photocatalysts (Figure 30). Yet, these applications will not be developed in this literature chapter but readers can find more information in the following reviews. 177-181

2) Grafting methodologies

Polymers can be attached to surfaces and nanoparticles via different methodologies:

grafting from, grafting through, and grafting onto. [182][183][184] a. Grafting from

The grafting from method consists in the initiation of the polymerization from small initiator molecules covalently bound to the substrate as depicted in Figure 31. Hence, polymer chains grow from the surface thanks to monomers in the surrounding solution leading usually to highly dense polymer brushes. 185 High grafting densities can be reached as the diffusion of the monomer molecules to the growing chain-ends is not obstructed by steric hindrance. As the monomer concentration is not the same in the brush layer, dispersity of the chain lengths can end up large. The grafting through method is a less popular technique compared to the others.

Actually, the working principle is similar to the grafting from method: small functional molecules are covalently attached to the surface. The difference is that these molecules are monomers instead of initiators. Thus, polymer chains do not grow necessarily from the surface as shown in Figure 33. Some initiator molecules are present in the bulk or in the solution, and polymer chains grow from it. Then, the polymer backbone will be anchored to the surface by reacting with the attached monomers. The propagation step can continue thanks to free monomers remaining in the solution. Generally, the grafting through method leads to uncontrolled grafting densities and dispersities. However, the grafting through method can lead to high grafting densities under suitable reaction conditions with, for instance, the supply of monomer directly from the substrate by using a dialysis membrane,. 184,185 

c. Grafting onto

The first use of the grafting onto method was reported by Mansky et al. who studied the grafting of end-functionalized random copolymers of styrene and methylmethacrylate onto silicon substrates. 187 The principle of this method is based on the reaction of reactive groups on the substrate with end-functional polymer chains as seen in Figure 34. Due to steric hindrance, the density of polymer brushes covalently linked to the substrate is rarely high as they form a macromolecular barrier. The limiting factor of this method is the diffusion of the premade chains to the surface. 185 Also, the dispersity can be low as the polymer chains are synthesized in a step prior to the grafting one. Compared to the other methodologies, the grafting onto technique appears to be the easiest to apply to hybrid materials involving low bang-gap polymers. Indeed, one interesting advantage of this technique is the possibility to purify the end-functionalized polymer before grafting it. Moreover, the polymer can be fully characterized prior to grafting. It is one of the reasons why we employed it to graft low band-gap polymers onto nanoparticles later in this manuscript.

Hybrid materials based on low band-gap polymers are available thanks to the endfunctionalization of polymers. However, other interesting materials are achievable thanks to this synthetic methodology such as block copolymers based on low band-gap polymers finding their several applications from photovoltaic devices to stimuli-responsive sensors. 

IV. Block copolymers involving low band-gap polymers

Block copolymers are composed of a linear combination of different monomer units in distinct sections. As morphology and crystallinity of conjugated polymers are determining factors to their optoelectronic properties, the employment of block copolymers based on CPs is of great importance. Block copolymers involving low band-gap polymers can be divided in two sub-parts: rod-rod block copolymers involving two different conjugated blocks and rod-coil block copolymers involving a low band-gap block and a non-conjugated block presenting a coil conformation. Several synthetic routes can be employed to obtain such complex structures with a variety of morphology and applications. 191 1) Synthetic strategies

Depending on the choice of the synthetic approach, the resulting block copolymers can be used in different possible applications. Figure 36 presents the four major synthetic routes to obtain block copolymers: the macroinitiator, the macro end-capper copolymerization, the grafting-to methods, and finally the sequential monomer polymerization.

a. The macroinitiator method Also called the grafting-from method, the macroinitiator method aims to use an endfunctionalized polymer as a macroinitiator to polymerize the second monomer (Figure 36. 1.).

This method requires several steps, the first one being the elaboration of the macroinitiator.

This synthesis can also be done from several postpolymerization reactions to obtain the desired initiator at the chain end. This method has already led to both rod-rod and rod-coil block copolymers where the conjugated polymer plays the role of the macroinitiator. 192 Generally with rod-rod block copolymers, the macroinitiator bears a phenylbromo end-group which is further used in Pdcatalyzed polymerization 193 or in Kumada catalyst-transfer polycondensation (KCTP) after insertion of a Ni-catalyst in the C-Br chain end 194 . With rod-coil block copolymers, the conjugated macroinitiator typically needs more postpolymerization reactions. These additional steps influence the choice of the polymerization mechanism used for the second block. Quite often, the functional group present at the chain end of the first block is a reversible additionfragmentation chain-transfer (RAFT) agent, but it is also quite common to find a nitroxide group or an alkyl halide as end-cappers to initiate the second block with a nitroxide-mediated polymerization (NMP) or an atom transfer radical polymerization (ATRP), respectively. 37). The low band-gap polymer, presenting an optical band-gap around 1.6

eV, was then transformed into a macroinitiator via a nucleophilic attack of a Grignard reagent, based on the alkoxyamine TIPNO (2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide), to the aldehyde group. The macroinitiator was later used for the copolymerization of the second block composed of a mixture of styrene (S) and chloromethylstyrene (CMS). However, at short polymerization times, the initiation of all polymer chains was incomplete. Finally, the CMS units can be further used to graft electron acceptors thanks to the chlorine functions in order to yield low band-gap donor-acceptor rod-coil block copolymer. Yet, Hadziioannou's group only reported the synthetic methodology without presenting a possible application of the final material. 196,197 This study is one of the few examples of rod-coil block copolymers based on low band-gap polymers made through the macroinitiator method available in the literature.

However, with the macroinitiator method, the biggest challenge is to separate the residual unreacted macroinitiators from the block copolymer. Indeed, the multiple postpolymerization reactions required to install the proper initiator at the chain end of the first block lead to a reduced yield, meaning that all the chains do not bear a functional group. Then, purifying a functionalized macromolecule from its non-functionalized counterpart is a big challenge. Moreover, the separation of the end-functionalized polymers and the macroinitiators is a very challenging step. Although this technique allows to control the polymerization of the second block, the macroinitiator can be subjected to side reactions and degradation phenomenon during the initiation of the second block. 198 b. The macro end-capper copolymerization method

In this strategy, an end-functional polymer is added, as a macro end-capper, in the step copolymerization of classical molecular monomers (Figure 36. 2.). This procedure is particularly employed for the synthesis of rod-rod block copolymers. It is important to keep in mind that the ratio of the macro end-capper influences the length of the second block. The functional group present at the chain end of the first block must be chosen according to the mechanism of the subsequent polymerization used for the second block. Within this method, two sub-categories must be distinguished: the one involving AB-type monomers leading only to diblock copolymers and the other involving AA-type and BB-type monomers leading to either diblock or triblock copolymers. Suzuki-Miyaura and Stille cross-coupling reactions were already applied to both categories with success.

For instance, Huang's group employed the macro end-capper copolymerization method to synthesize all-conjugated donor-acceptor block copolymers (Figure 38). They To reach a high degree of end-functionalization of the P3HT, they added LiCl during the Grignard metathesis polymerization (GRIM) to accelerate Grignard formation. Thus, high molar mass block copolymers can be produced as a high amount of P3HT chains are endfunctionalized and able to initiate the polymerization of the second block. 193 Nevertheless, the challenge in the macro end-capper copolymerization method rests on the significant amount of homopolymer impurities remaining in the mixture at the end of the synthesis. In the case of macro end-capping, the final yield is significantly decreased probably due to the size of the end-capper and the big challenge is to make sure the polymer is properly functionalized.

c. The grafting-to method Also called the end-functional polymers coupling method, the grafting-to method consists of the covalent combination of two end-functionalized homopolymers through a coupling reaction. This method requires the previous synthesis of the separate blocks both endfunctionalized with the appropriate reactive molecule to further accomplish the coupling reaction (Figure 36. 3.). A purification step must be performed to separate the resulting block copolymer and residual parent homopolymers. While this technique allows to control the length of each block separately, it shows a major drawback as the combination efficiency of the coupling reaction between the two homopolymers is frequently low. This disadvantage is more prevalent for high molar masses, but it can be overcome by adding one of the two polymers in excess in the mixture.

As this method is based on the efficiency of the coupling reaction between the two polymers, a proper coupling reaction must be chosen to obtain high-yields and wide tolerance for various functional groups. The copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)

click reaction meets all these criteria to synthesize rod-rod as well as rod-coil block copolymers.

This coupling reaction requires both an azide and an acetylene end-functionalized polymers that can be obtained through either functional initiation followed by a deprotection reaction or Chapter 1: Materials absorbing in the near infrared region and their innovative applications 68 in situ functionalization. The Pd-catalyzed Suzuki coupling was used as a coupling reaction to obtain block copolymers with both a boronic ester and a halogen end-functionalized homopolymers. Heck coupling reaction and KCTP was also employed to synthesize block copolymers through the grafting-to method.

For instance, Zappia et al. showed a good application of the grafting-to approach onto a low band-gap rod-coil block copolymer (Figure 39). They prepared separately a rod block PCPDTBT based on the benzothiadiazole unit and a coil block P(S-co-4VP) via a Suzuki polycondensation and a NMP, respectively. Each block bears a functional group at their chain end: a borolane end-group for the rod block and a phenyl bromine for the coil block. The latter was prepared via the chain-growth NMP of styrene (S) and 4-vinylpyridine (4VP), reported in previous work. 201 The two blocks were coupled via Suzuki condensation giving the rod-coil block copolymer. This unique technique, mixing step-growth and chain-growth polymerizations, showed its efficiency and the final material was blended with CdSe nanocrystals to tune the phase separation between the donor material (the rod block) and the acceptor material (the CdSe nanocrystals) in the photovoltaic active layer. Actually, the coil block interacts with the nanocrystals while being covalently bonded with the rod block. Thus, the block copolymer can be used as compatibilizer to enhance the hole transport and the charge extraction for photovoltaic devices. 202 The grafting-to method brings several challenges in its synthetic pathway. Indeed, after the successful coupling of the two blocks, the residual unreacted homopolymers must be removed either by extraction exploiting the difference of solubility between homopolymers and copolymers or by preparative Size Exclusion Chromatography (SEC). In addition, sometimes the end-functionalization of both homopolymers can be incomplete and may generate low yield of coupling between the two blocks. The final methodology is a polymerization in two steps, with a sequential monomer addition. In fact, this method consists of the addition of the second monomer just after the complete consumption of the first monomer (Figure 36. 4.). As the polymerization is controlled throughout the whole process, this method leads to controlled molar masses and low dispersities with a high degree of control of the final structure. Generally, the sequential monomer addition is utilized for the synthesis of all-conjugated block copolymers implying KCTP, which is quite the only polymerization mechanism (for conjugated monomers) that follows a chain-growth behavior. This is also the limitation of this technique: the choice of monomer available is reduced as the polymerization mechanism must be the same for the two blocks. The sequential monomer addition is the less challenging approach as no purification is needed due to its one-pot character. Nevertheless, as mentioned before, this strategy is limited to chain-growth polymerizations. 2) Rod-rod block copolymers

The synthesis of rod-rod block copolymers is the subject of considerable attention since they can be used as donor-acceptor materials in all-polymer solar cells. In optoelectronic devices, it is also well-known that the maximum exciton diffusion length is around 10 nm before the actual charge separation, reinforcing the necessity of control on the nanoscale morphology to enhance device efficiencies. 186 Indeed, the use of block copolymers increases the donor- eV). Hence, the final block copolymer presents an optical band-gap of 1.48 eV mostly thanks to the presence of the N2200 block. Furthermore, this highly crystalline D-A block copolymer shows a good solubility in nonhalogenated solvents. Thus, the final material was dissolved in toluene to make polymer solar cells showing a PCE of 6.43%, which is more than 2 times higher than that made with blended materials. The charge-carrier mobility was also measured and the block copolymer-based devices showed a good balance between hole and electron mobilities, reducing the bimolecular recombination and increasing the JSC and FF values. 209 Huang's group exploited a different technique, contrary to the previous examples, to purify the byproducts: preparative SEC. However, this method was not as effective as the Soxhlet extraction and they achieved a mixture of triblock and diblock. In their study, they employed the macro end-capper polymerization method in a one-pot reaction by Stille polycondensation with the synthesis of a fully conjugated D-A block copolymers P3HT-b-PBIT2 containing pyrene bisimide (PBI) and bithiophene (2T) (Figure 43). The final material exhibits low band-gap properties even though its band-gap reaches barely 1.6 eV. All-polymer solar cells were fabricated by using the block copolymer as single-component active layer and the final devices showed better PCE when thermally annealed (1% instead of 0.06% as-spun). 2.6% PCE but with constant FF and VOC due to bad contacts across all devices. Thus, the microphase separation is an important parameter to increase the short-circuit current. 213 As seen above, the macro end-capper copolymerization method is a successful pathway and the most preferred route. Nevertheless, the grafting-to method has also been applied to obtain fully-conjugated rod-rod block copolymers involving low band-gap polymers.

Rahmanudin et al. used this methodology to prepare fully conjugated triblock copolymers.

Their synthetic strategy is focused on the synthesis of parent polymers based on diketopyrrolopyrrole (DPP) and perylenediimide (PDI) monomers through Stille polycondensation bearing either a vinyl or a bromine functions at the chain end (Figure 44. 2.).

The vinyl function was introduced at the chain end of the first block labelled pPDIV by using 3) Rod-coil block copolymers Rod-coil block copolymers based on conjugated polymers were initially made to induce a higher solubility and a nanophase morphology. Indeed, conjugated polymers show relatively high stiffnesses and low solubility due to aggregation phenomenon caused by interchain π-π orbital interactions. 215 Hence, the covalent linking of a coil block influences the organization of rod conjugated polymers and limits the aggregation phenomenon. As the coil and rod blocks tend to minimize their contact surface, they aggregate into domains that can be organized in several morphologies in bulk or in solution. They cannot separate at a macroscopic scale, contrary to simple blends, and the size of their self-organized domains has the same order of magnitude as the length of each block. The nanoscale morphologies (e.g. lamellar, spherical, cylindrical, vesicular, nanofiber, or microporous structures) are also influenced by the rod:coil ratio and the lengths of each block. 216 The microphase morphology depends on the volume fraction χ of each block but also on the Maier-Saupe constant ω giving an information on the rod-rod steric repulsion. 217 If the volume fraction of non-conjugated coil block increases, the conjugation length is reduced and the π-stacking can be lost resulting in a blue shift on the absorption spectrum. 219,220 The morphology is also affected by the choice of solvent, solution concentration, and substrate. 216,221 Figure 45: Morphology and applications of conjugated rod-coil block copolymers. Adapted from Liu et al. 216 In photovoltaic applications, the charge separation can be improved by the use of rodcoil block copolymers as the typical size of their domains is in the same order as the maximum exciton diffusion length. Besides the size of the domains, the way the polymers aggregate and align themselves in three dimensions is particularly important to control the electronic and optoelectronic properties of the final material. The combination of the self-assembly properties with the functionality of the rod segments produce specific morphologies for optoelectronic applications such as OLEDs 222 and OFETs 223 . The incorporation of a coil block can enhance the energy transfer phenomenon and the spectral stability of the devices. Also, the use of a stimuli-responsive coil segment combined with a conjugated rod segment could lead to novel multifunctional sensory materials (Figure 45). A stimuli-responsive polymer is defined as a polymer that is subjected to a large and abrupt physical (temperature, solvent, light) or chemical (reactant, pH, ion) change in response to small external changes in the environmental conditions.

For all these reasons, the synthesis of rod-coil block copolymers is the subject of considerable attention but only a few studies involving a low band-gap rod block are reported in the literature as the synthesis of such block copolymer remains challenging. 224 circuit voltage (VOC), and poor fill factor (FF) (Figure 47). Actually, these poor performances are due to the long coil insulating segments that hinder the charge mobility but reducing their length in the block copolymers resulted in short-circuits due to high roughness. Hence, the rodcoil block copolymers obtained through the grafting-to method were less efficient than the ones obtained through the macroinitiator method. 224,225 More recently, Ferretti et al. employed the macroinitiator method described before to produce two amphiphilic low band-gap rod-coil block copolymers. 224,225 They used the same low band-gap block PCPDTBT as Zappia et al. to initiate the NMP of 4VP monomer. In addition, they also employed the grafting-to method to synthesize two more amphiphilic low band-gap rod-coil block copolymers based on the low band-gap block PCPDTBT endfunctionalized with a borolane group and the coil block P4VP end-functionalized with a phenyl bromine alkoxyamine based on TIPNO. Both blocks were coupled by a Suzuki reaction.

Finally, the four amphiphilic block copolymers were self-assembled into nanoparticles suspended in aqueous medium through miniemulsion approach, without using surfactant. The nanostructures are influenced by the composition and the length of the coil block but always present a spherical shape (Figure 48). Even though they did not show an application of these block copolymer-based nanoparticles, Destri's group hypothesized that this material could be used in the preparation of sustainable electronic devices such as OLEDs or OPVs or for bioorganic electronic application due to its aqueous processability. In their study, they reported the synthesis of an alkyne-terminated poly(diethylhexyloxy-pphenylenevinylene) (DEH-PPV) showing a band gap of 1.6 eV and of an azido-terminated poly(methyl methacrylate) (PMMA) via a Siegrist polycondensation and an anionic polymerization, respectively. The two blocks were coupled by Huisgen cycloaddition with high yields due to an excess amount of the low band-gap block in the mixture. The unreacted homopolymers were removed by successive precipitations in proper solvents and SEC analysis proved the efficiency of the purification with the presence of a monomodal peak. The selfassembly of the final material was investigated by small-angle X-ray scattering (SAXS), wideangle X-ray scattering (WAXS), transmission electron microscopy (TEM), polarized optical microscopy (POM), and differential scanning calorimetry (DSC). The results indicated that the material self-assembles into smectic-lamellar structures for low coil fraction (<53%) and into smectic-hexagonal structures for high coil fraction (>66%). Yet, the authors did not report a specific application for this rod-coil block copolymer. 227 As the previous example, Olsen et al.

based their rod-coil block copolymers on the same low band-gap polymer DEH-PPV. They used the grafting-to method but the originality of their work rests on the use of anionic polymerization of isoprene to grow the coil block. Actually, the DEH-PPV block was injected at the end of the polymerization of the coil to terminate the living polyisoprene (PI). The excess of homopolymer was removed by precipitation and column chromatography purification. The self-assembly properties of the final material were studied by SAXS, WAXS, TEM, and POM.

The block copolymers exhibit liquid crystalline characteristics as an isotropic phase with transitions to nematic and smectic phases were observed at high temperatures and coil fractions.

The main goal of this study was to investigate the fundamental phase behavior in rod-coil systems so the authors did not report an application of this material. 228 In closing, among all the possible applications of rod-coil block copolymers, Bicciocchi et al. were the first to report the synthesis of such material comprising a donor and an acceptor as compatibilizers for full organic PVs. First, the coil block was obtained by copolymerization of styrene (S) and vinylbenzyl chloride (VBC) monomers under the control of the trithiocarbonate RAFT agent. The pendant benzyl chloride groups were transformed into free amine groups which were further protected with di-tert-butyldicarbonate (DIBOC) via postpolymerization modifications (Figure 49a). These functional groups were deprotected to attach fullerene (C60) on the coil block. Styrene was used as a comonomer to enhance the solubility and to control the amount of C60 by spacing the functional groups. Then the rod low band-gap block was synthesized by Suzuki polycondensation of bithiophene (2T) with slight excess of 9,9-dihexylfluorene-2,7-diboronic acid-bis-(1,3-propanediol)ester to end-functionalize the chain ends with boronic ester groups. The rod block F6T2 was grafted to the coil block P(S-co-VBC) by coupling between the functional groups and the final material appeared to be a coilrod-coil triblock copolymer (Figure 49b). presence of the triblock copolymer enhanced the stability of the devices by increasing the residual efficiencies after 30 days. 229,230 Concerning the macro end-capper polymerization method, no example of rod-coil block copolymers involving a low band-gap block was found in the literature. Even though all the polymers presented above show narrow or low band-gap characteristics, only one of them exhibits an absorbance maximum in the NIR region. Among the rod-rod and rod-coil block copolymers presented above, the recurring application is the optoelectronic devices. Nevertheless, block copolymers involving a low band-gap block could be employed in sensors 231 , stimuli-responsive applications 232 , photoacoustic imaging, photodynamic therapy, photothermal therapy, and variable optical attenuators. 

V. Conclusion

From this literature review, it appears that organic materials absorbing in the near infrared region form a major and multidisciplinary field of research with growing interest, particularly in the field of optoelectronic, bioimaging, and medical therapy. In addition to the fact that about 50% of solar energy takes place in the IR region, the interesting asset of working in this spectral range is that near infrared light penetrates biological tissues. Hence, a whole field of research has been developed thanks to small molecules, organometallics, and conjugated polymers absorbing in the near infrared.

Among conjugated polymers, low band-gap polymers have been the object of intensive research since their optoelectronic properties can be tuned by modifying their macromolecular structures. Indeed, several molecular engineering strategies have been developed in order to reduce their band-gap below 1.6 eV and tune their energy levels. Two major chemistry design approaches have been elaborated: the stabilization of the quinoid resonance structure by fusing aromatic rings, and the use of donor-acceptor interactions by alternating electron-donating (D) and electron-withdrawing (A) units on the polymer backbone. The general synthetic route to yield low band-gap polymers is step-growth or condensation polymerization involving palladium catalysts. These polymers are often polymerized by Stille polycondensation and functional groups can be introduced at the chain ends thanks to several methodologies.

End-functionalization of conjugated polymers helps to broaden the range of their applications. For instance, polymers can be covalently attached to inorganic/metal surfaces leading to the formation of hybrid materials. Yet, only few studies report the grafting of low band-gap polymers from, through or onto inorganic substrates. The development of such materials could improve greatly the performance and lifetime of active layers in optoelectronic devices.

Furthermore, the end-functionalization of conjugated polymers paves the way to block copolymers incorporating low band-gap polymers. Such materials are the subject of considerable interest as they can provide a broader light absorption in the NIR region and enhance the performance and stability of optoelectronic devices. In addition, rod-coil block copolymers can be applied to various applications, notably in the biomedical field, due to their self-assembly properties in solution and in thin films. Four major synthetic routes have been designed to obtain block copolymers and it appears that the macro end-capper copolymerization method is the technique the most employed to yield rod-rod block copolymers involving a low band-gap block. Concerning rod-coil block copolymers, the macroinitiator technique is the method of choice, yet, only few studies report rod-coil block copolymers involving a low bandgap block with a maximum absorbance in the NIR region. 

I. Introduction:

The development of conjugated polymers (CPs) was very active in the last decades with the discovery of their electrical conductivity and their use in optoelectronic devices such as polymer solar cells (PSCs) 1 , organic field effect transistors (OFETs) 2 or photodetectors (PDs) 3 .

In the field of PSCs, the improvement of the active layer efficiency was the topic of intensive research. 4 The bulk heterojunction is based on the blend of electron donors (conjugated polymers) and electron acceptors. Within the electron donors, low band-gap (LBG) conjugated polymers have nowadays outperformed classical CPs thanks to their well-localized absorption in the solar spectrum due to a band-gap smaller than 1.6 eV and their number of delocalized π electrons. 5 Their ability to harvest more photons than classical CPs comes from their chemical structure made of an alternation of two co-monomers, an electron-rich monomer, which produces a rise of the polymer HOMO energy level and an electron-deficient monomer inducing a lowering of the polymer LUMO energy level. 6,7 Concerning electron acceptors, fullerene derivatives showed limited stability and challenges recently emerged. 8,9 Among them, metal oxide nanoparticles, especially titanium dioxide (TiO2) and zinc oxide (ZnO) 10 , are studied because of their low toxicity (unlike cadmium selenide) and the possibility of tailoring their electronic properties by doping or changing their morphologies and dimensions.

Consequently hybrid solar cells, composed of a bulk heterojunction between an inorganic material as an acceptor and a conjugated polymer as a donor matrix, came out. 11,12 Recently, hybrid materials based on conjugated polymers were successfully developed in which the macromolecules were covalently attached to the surface of an inorganic material. 13 These novel materials raised promises of enhanced interfacial properties 14,15 with the optimization of particles dispersion, charge injection or transport. [16][17][18] tetrapod. 19 This hybrid material has been used as the active layer of solar cell and a 3.2% power conversion efficiency was achieved. Awada et al. grafted poly(3-hexylthiophene) (P3HT) to replace the hydrophilic blend PEDOT/PSS (poly(ethylenedioxythiophene)-poly(styrene sulfonate)) used as hole transporting layer in photovoltaic devices. The water penetration in the cell was then impeded which significantly improved lifetime of device. 20 Pioneering studies showed the potential of these technologies in photovoltaics but their performances are limited by the difficulty of the hybrid material synthesis. 19,[21][22][23][24] Indeed, most of the inorganics are grafted with the well-known P3HT because its polymerization is based on a chain-growth mechanism, allowing an easy end-capping 25 with anchoring functions such as silane, thiols or carboxylic acids. [26][27][28][29] On the contrary, LBG polymers are synthesized via a step-growth mechanism and their end-functionalization is more challenging and reports are scarce. [30][31][32][33] In a previous publication, we reported the use of surface-initiated polycondensation to grow low band-gap polymers brushes from of metal oxide nanorods. 34 By using this technique, a high polymer grafting density has been obtained with a homogeneous polymer corona surrounding the inorganic core. Actually, this is not the ideal morphology for photovoltaic application since it hinders electron percolation between acceptor domains (particle cores). 13 Therefore, effort has been made in this study to reduce the grafting density in order to obtain patchy particles in which both polymer and metal oxide surfaces can be reached by electron and hole. This chapter describes a methodology to end-functionalize low band-gap polymers with triethoxysilane or catechol groups in order to bind metal oxide surfaces (Scheme (monofunctional) to synthesize a vinyl end-functionalized polymer. This copolymer was chosen for its broad absorption, high hole mobility, good photochemical stability and a reasonable power conversion efficiency of 5.1 %. 35 Monomers were obtained with high purity (synthesis and characterization in Chapter 5: Experimental Part). 4-bromostyrene was selected as an appropriate end-capper due to its Stille polymerizable bromophenyl group and the presence of the alkene allowing unambiguous characterization of the resulting end-functional material. In this kind of reaction, the stoichiometry of monomer to end-capping unit is a key factor that determines the length of the chain and the degree of end-group introduction. In this chapter, the stoichiometry of the reagents was maintained according to equation 1:

NA = NB + NB' → 2𝑁 𝐷𝑇𝑆 = 2𝑁 𝐵𝑇 + 𝑁 𝐸𝐺 (1) 
In which NA, NB, NB' represent the mole number of stannate functions and bromide groups pertaining to the BT monomer and to the end-capping agent, respectively. NDTS, NBT and NEG define the mole number of DTS and BT monomers and bromostyrene end-groups (EG), respectively. By following this stoichiometry, the total number of aryl bromides is equal to the total number of aryl stannanes and the formation of chains bearing 4-bromostyrene is promoted.

The number average degree of polymerization (DPn) of polymers obtained in the case of an A-A and B-B polycondensation, like DTS and BT, with an end-capper agent, can be predicted using the Carothers equation (eq 2) 36,37 :

𝐷𝑃 ̅̅̅̅ 𝑛 = 1+𝑟 1+𝑟-2𝑟𝑝 (2) 
In which r is the ratio of monomer groups, and p is the conversion. It should be noted that in this equation, DPn counts the number of DTS + BT units, so it is twice the number of repeat
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𝑀 ̅ 𝑛 = 𝑀 0 𝐷𝑃𝑛 ̅̅̅̅̅̅ 2 = 𝑀 0 2 1+𝑟 1+𝑟-2𝑟𝑝 (3) 
Where M0 is the molar mass of the repeat unit. When monofunctional reagent (as the endcapping agent) is introduced, the monomer group ratio is defined by the equation 4 38 :

𝑟 = 𝑁 𝐴 𝑁 𝐵 +2𝑁 𝐵′ = 2𝑁 𝐷𝑇𝑆 2𝑁 𝐵𝑇 +2𝑁 𝐸𝐺 = 𝑁 𝐷𝑇𝑆 𝑁 𝐵𝑇 +𝑁 𝐸𝐺 (4) 
Where the factor 2 relative to NB' enters in the equation because the end-capper reagent has the same effect on the degree of polymerization than a difunctional monomer therefore is two times more effective.

Three end-functional polymers were synthesized in chlorobenzene by varying the initial bromostyrene molar equivalent NEG = 0, 0.08 and 0.16 (Table 1). After purification by precipitation and Soxhlet extraction (as indicated in the experimental part), 1 H NMR, Sizeexclusion chromatography (SEC) and MALDI-ToF analyses were performed to characterize these polymers. First, we used NMR not only to verify the proton structure of the polymer but also to calculate the ratio between the repetitive units and the end-group (nDTSBT/nEG, Table 1).

By comparing the integral of the peak at 5.8 ppm corresponding to the vinyl double bond (styrene, d Figure 1) to the signal from 7.7 to 8.4 ppm referring to the aromatic protons of DTS and BT units (f and g in Figure 1), we estimated this nDTSBT/nEG ratio in the final polymers. For P(DTS-BT)-BrS(1), which is the polymer synthesized with a bromostyrene (BrS) molar equivalent of 0.08, this ratio was 7. Thanks to the Carothers equation ( 2), the theoretical DPn was calculated to be 49 (at 100 % conversion), corresponding to 24 DTS-BT repetitive units.

Since bromostyrene has been included in the stoichiometry (equation 1), styrene units should be at both end-chains for a 100 % conversion. Therefore, for this polymer, the theoretical nDTSBT/nEG ratio is 12 (reported in Table 1). The difference between the theory and the experiment may be due to conversion, since a theoretical 98 % conversion leads to a repetitive unit (DTS-BT) to styrene ratio of 7.

For P(DTS-BT)-BrS(2), a bromostyrene molar equivalent of 0.16 was used to study the possibility to tune the molar mass of the sample. From the 1 H NMR spectrum (Figure 2) the DTS-BT/styrene ratio is decreased to 5 which is really close to the theoretical value of 7 repetitive units given by Carothers equation. If the ratio of repeat units to vinyl bonds can be calculated, no information can be provided on the effective number of end-groups per polymer chain. Therefore MALDI-ToF analysis was performed and allowed defining and quantifying chain end-groups. As a technique limitation, only low molar mass chains can be analyzed (M ≤ 3000 g.mol -1 , see Figure 3). Figure 4 shows a zoom of the P(DTS-BT)-BrS(2) sample for the populations with a 1900 ≤ M ≤ 2500 g.mol -1 . Several populations appeared and it was not possible to assign them all. However, populations with abundance higher than 10 % were identified. Thus, several information from the mass spectrum can be extracted as the presence of di-capped, mono-capped and non-functionalized chains. For example, the assigned peaks with green circle, blue triangle and yellow star have been assigned to non-functionalized, monocapped and end-capped chains, respectively, on the basis of the styrene molar mass difference.

From the overall MALDI-ToF spectrum, a quantification of each population can be estimated with 28 % of difunctionalized,-styrene chains, 47 % of mono-functionalized and 25 % of non-functionalized. Therefore, a total of 75 % of the chains were styrene end-capped, in agreement with the 1 H NMR spectrum showing that the conversion was not total. Moreover, some DTS homo-coupling was detected as already shown by Harris et al.. 33 Chapter 2: Low band-gap polymer brushes: influence of the end-group on the morphology of core-shell nanoparticles 115

Size exclusion chromatography was performed on both polymers (Figure 5) and reasonable dispersity values around Ð = 2 were obtained. Mn and Mw from 4000 to 9200 g.mol - 1 were calculated from conventional calibration using polystyrene samples. Chapter 2: Low band-gap polymer brushes: influence of the end-group on the morphology of core-shell nanoparticles 116

Using UV-visible spectrophotometry, the maximum absorption was found at 680 nm and the optical band gap evaluated at 1.51 eV (estimated from the low energy band edge of the optical spectrum, λonset = 820 nm, Eg = 1240/λonset eV, Figure 6). Comparison of absorption spectra with literature confirmed that the degree of polymerization was high enough to reach the maximum conjugation length. 39 The end-functionalized copolymers showed a shoulder at 850 nm while the homopolymer does not present such behavior. This result could be due to the different solubility of the functionalized copolymers in which the π-stacking phenomenon is favored. Following the exact same strategy of ternary blend, we functionalized P(DTS-BT) with the second end-capper, 4-bromoveratrole (P(DTS-BT)-BrV, see Scheme 1). The same characterization techniques were applied to this polymer. 1 H NMR spectrum in Figure 1b shows in addition to the peaks assigned to the polymer, a peak at 4 ppm characteristic of the CH3 of 4-bromoveratrole. The ratio of repetitive unit/end-capper was determined to be 7, very close to the theoretical value of 9 (Figure 1 and Table 1). This end-group is of great interest because methoxy groups can easily be deprotected to a catechol moiety which is then used to bind on metal oxide surfaces (named Cat-P(DTS-BT) from now on). 40,41 Figure 7: 1 H NMR spectrum (400MHz, CDCl3) of triethoxysilane-terminated P(DTS-BT)
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2) Grafting of P(DTS-BT) on the surface of zinc oxide nanoparticles.

The spherical ZnO nanoparticles (NPs) (diameter = 20 nm) synthesized from the method described by Seow et al. 42 (described in chapter 5 and performed in ICMCB University of Bordeaux by Dr. Marie-Hélène Delville's group) were dispersed in CHCl3 and mixed with an excess of silane terminated polymer (1 chain/nm 2 ). The blend was heated at 60°C under vigorous stirring for 10 hours. Then the NPs were washed from unreacted polymer by several dispersion-centrifugation cycles in chloroform until the UV-visible spectrum of the supernatant was clear of any polymer absorption. These core@shell NPs (named ZnO@Si-P(DTS-BT) and

ZnO@Cat-P(DTS-BT)) were characterized by thermogravimetric analysis (TGA) under nitrogen with a heating rate of 10 °C.min -1 in order to follow the thermal degradation of the organic part and quantify the amount of P(DTS-BT) covalently linked to the NPs (Figure 8).

The bare ZnO NPs showed a weight loss of 0.95 % between 100 and 550 °C corresponding to the loss of remaining chemically adsorbed water, while for pure P(DTS-BT) a weight loss of about 42 % was observed between 350 and 550°C. Figure 8 shows that the overall weight losses for the two hybrid materials, ZnO@Si-P(DTS-BT) and ZnO@Cat-P(DTS-BT), were 7.4 % and 2.2 %, respectively. From these values and by using the following formula: × 100 (5) the weight percentage of the polymer brushes in the hybrid was calculated to be 15.4 % and 3

% for ZnO@Si-P(DTS-BT) and ZnO@Cat-P(DTS-BT), respectively.

Figure 8: Thermogravimetric analysis of P(DTS-BT), grafted ZnO@Si-P(DTS-BT) and ZnO@Cat-P(DTS-BT) NPs under nitrogen at a heating rate of 10 °C.min -1

TEM was used to observe the morphology of the hybrid materials and evaluate the thickness of the grafted P(DTS-BT) layer onto the ZnO NPs surface. Figure 9a presents the image of bare zinc oxide spherical nanoparticles. The particle diameters were measured and the size distribution presented in Figure 10a showed that the average particle diameter is 20 ± 5 nm.

In Figure 9b the image of the ZnO@Si-P(DTS-BT) is shown. Aggregates of few hundreds nanometers can be observed in low magnification picture (Figure 11) and at higher magnification, inside the aggregates the particles seemed embedded in a polymer matrix.

Indeed, despite dilution, agitation or sonification we could not observe proper images of isolated nanoparticles and only aggregates were obtained. Zinc oxide particles seemed to be embedded in a polymer matrix. It is well-known in the literature that the triethoxysilane group, whose functionality is three, upon hydrolysis can self-condense leading to the formation of multilayers or crosslinked materials. 43,44 Moreover, in the synthesized macromolecules, as

shown by MALDI-ToF, 28% of the chains bear a silane function at both ends. Therefore, during the grafting step, a crosslinking of polymer chains occurs, hence forming a matrix around the inorganic particles. This phenomenon is concomitant with their anchoring on the surface of the particles (Figure 12) with the presence of large aggregates containing both polymer multilayers and crystallized ZnO. On the contrary, when catechol end-terminal chains were used to graft zinc oxide particles, the TEM images in Figures 9c andd showed a 3 ± 1 nm thick organic layer around the NPs without crosslinking.

Isolated particles bearing a heterogeneous polymer layer can easily be seen in the pictures, therefore the ZnO@Cat-P(DTS-BT) is the only sample presenting a core@shell structure. Indeed, on the TEM images, the polymer layer (light grey), does not completely cover the dark grey zinc oxide nanoparticles. Moreover, in Figure 13, an increase of the nanoparticle roughness is observed due to the presence of the polymer and even odd extra protuberances.

Thus, patchy particles are obtained with a majority of the zinc oxide surface covered with polymer chains. The core@shell structure of the ZnO@Cat-P(DTS-BT) was also confirmed by the global increase of the nanoparticles size (Figure 10b). This heterogeneity can be of great interest in photovoltaic applications where both good dispersion and electron percolation between inorganic acceptor particles are targeted.

Chapter 2: Low band-gap polymer brushes: influence of the end-group on the morphology of core-shell nanoparticles 120 The nanoparticles specific surface area (SSA) was calculated to 53 m².g -1 . Actually, the nanoparticles are crystallized and non-agglomerated given the synthesis used to elaborate them and so they can be considered as perfect spheres of radius R = 10 nm. Then, their volume V was calculated to be 4190 nm² and their surface S to be 1.26.10 -15 m². Since their density ρ is 5.6 g.cm -3 , their mass m was calculated to be 2.3.10 -17 g and their specific surface area (SSA)

was deduced from the equation given below:

𝑆𝑆𝐴 = 𝑆 𝑚 (6) 
Since the weight fraction of P(DTS-BT) (fwP(DTS-BT)) was extracted from TGA, the surface grafting density (σ) of the polymer was calculated via the equation :

𝜎 = 𝑓 𝑤𝑃(𝐷𝑇𝑆-𝐵𝑇) 1-𝑓 𝑤𝑃(𝐷𝑇𝑆-𝐵𝑇) ×𝑁 𝐴𝑣 𝑀𝑛 ̅̅̅̅̅ ×𝑆𝑆𝐴
where NAv is the Avogadro constant (7)

ZnO@Si-P(DTS-BT) exhibits crosslinking, thus it would be a nonsense to calculate a grafting density, but for the ZnO@Cat-P(DTS-BT) samples, the grafting density is 0.05 chain/nm², corresponding to 60 polymer chains per ZnO NP. This value is typically associated to polymer brushes in the "mushroom" regime, in which the space between grafted molecules is higher than two times the gyration radius of the polymer chain. 45 This low grafting density could be explained by the volume of the macromolecular grafting agent, which produces a high steric Chapter 2: Low band-gap polymer brushes: influence of the end-group on the morphology of core-shell nanoparticles 123 hindrance at the metal oxide surface during the immobilization procedure. Since TEM images showed that the grafting is heterogeneous, therefore there are some areas on the particles where the chain density is lower than the average 0.05 chain per nm and others where the density is higher.

3) Photophysics of the hybrid nanoparticles.

The core@shell nanoparticles were then characterized by UV-visible absorption and photoluminescence (PL spectroscopy). Figure 14a presents the absorption spectra of pure polymer P(DTS-BT), the grafted ZnO@P(DTS-BT) and a mixture of bare ZnO with P(DTS-BT). In this last case, the ratio of both components was calculated to match the mass ratio found by TGA for the grafted NPs. Therefore, the absorbance of the mixture and the hybrid ZnO@P(DTS-BT) should match the maxima of absorbance at 680 nm and 370 nm for the polymer and the ZnO NPs, respectively. The comparison between the mixture and the hybrid absorption spectra revealed an increase of the absorption intensity at 750 nm when the polymer is covalently linked to the nanoparticle. This effect has been previously reported in the literature by Kiriy's group with P3HT-functionalized silica particles and was attributed to the establishment of π-π interactions due to the proximity of anchored polymer chains. 46 The same bathochromic effect is well known in conjugated polymer films. Moreover, the maximum at 369 nm, characteristic of ZnO NPs (present in the ZnO/polymer physical mixture) exhibits a discernible blue shift of about 6 nm in the case of ZnO@P(DTS-BT) spectrum. This is due to variation in the dielectric environment of the oxide surface by the grafted macromolecules. 47 In a previous publication, our group reported the anchoring of this polymer on zinc oxide nanorods by surface-initiated polymerization. The same features with a maximum at 680 nm and a shoulder at 750 nm were observed. 34 Figure 14b presents the PL spectra of the polymer, the blend polymer/bare ZnO particles and the ZnO@P(DTS-BT), under an incident light of  = 670 nm (Figure 15 shows the corresponding excitation spectra). Since the HOMO/LUMO levels of the polymer and the ZnO have already been reported at -5.25/-3.45 48 and -7.4/-3.9 eV 49 respectively, an electron transfer was expected upon irradiation, from the LUMO level of the polymer to the ZnO one. The main signal of the polymer spectrum from 700 to 830 nm is a typical emission of the P(DTS-BT) backbone that arises from the relaxation of excited -electrons to the ground state. When the physical blend was analyzed, the PL intensity remained the same, meaning that no energy Chapter 2: Low band-gap polymer brushes: influence of the end-group on the morphology of core-shell nanoparticles 124 transfer occurred from the polymer to the nanoparticles. The main explanation for this behavior is that the concentration of the materials in chloroform is too low to induce an interaction.

However, in comparison, the photoluminescence of the core@shell particles was drastically quenched. Indeed the intimacy of the hybrid components allows the electron transfer from polymer to zinc oxide. 50 The current-voltage (I-V) characteristic of the devices were recorded in the dark and under illumination (AM 1.5 G, 1000 W/m²). In most of the cases, the photovoltaic performances were very low. Slightly better devices were obtained using chloroform solution and 3000 rpm as spin-coating speed. Figure 17a presents the current density versus voltage characteristics in the dark of these devices. Devices 2 and 3 (green and blue curves, respectively) are shortcircuited because of an electrical contact between the electrode due the creation of a pin-hole appeared in the active layer during the deposition. On the contrary, devices 1 and 4 (black and red curves, respectively) produced uniform films without pin-holes. Hence, the J-V curves of devices 1 and 4 in the dark are not short-circuited. This result highlights that the active layer formation needs to be improved.

Figure 17b presents the current density versus voltage characteristics of devices 1 and 4 under illumination. The photovoltaic performances are really weak (below 0.001%) but in the best case the short circuit current JSC was calculated to be 0.34 mA.cm -2 with an open circuit Chapter 2: Low band-gap polymer brushes: influence of the end-group on the morphology of core-shell nanoparticles 126 voltage VOC of 11 mV and a fill factor FF of 0.32%. This result could be explained by the nanomorphology of the photoactive layer. 51 Actually, the photovoltaic properties depend heavily on these criteria as the nanomorphological arrangement of donor and acceptor domains (i.e. the formation of a large interfacial area) can have an influence on the excitonic dissociation efficiency. 52 In addition, the charge carrier transport and collection are closely related to the formation of percolated pathways. Yet, these features are not always controlled in hybrid material devices due to agglomeration of the nanoparticles into large aggregates. In this project, only the ZnO@Cat-P(DTS-BT) were studied because of their core@shell structure: the heterogeneity of the polymer layer on the nanoparticles can enhance the electron percolation.

Even if no large aggregates were observed via TEM, it is possible that smaller aggregates (i.e. less than 20 nanoparticles) are present and hinder the percolation phenomenon. Besides, nanospheres are not the best choice to increase the percolation, it is the nanorods or nanowires that are the best to achieve vertical nanostructures.

In addition, poor efficiencies could be related to weak mobilities leading to deficient charge transport.

Due to time, amount of material and access to the lab, we could not investigate further photovoltaic cells made with the grafted nanoparticles. However, it would have been interesting

to perform photoluminescence analysis of the thin films of the binary blend ZnO@Cat-P(DTS-BT):P(DTS-BT) in order to check the effective electron transfer from polymer to zinc oxide.

The analysis of the mobilities could be of great interest to know if the charge transport can be tuned. showed absorption features that were not present on polymer/particle physical mixture, thus proving specific interactions between core and shell. Finally, photoluminescence revealed the potential of these functionalized particles for photovoltaics with a remarkable quenching of the polymer fluorescence by zinc oxide NPs. Photovoltaic performances of inverted solar cells containing the hybrid material in its active layer were evaluated and showed a really weak efficiency.
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I. Introduction

In this chapter, the main goal is to extend the possible applications of IR-absorbing polymer by designing a rod-coil diblock copolymer. From our experience, polymers for electronic devices like photovoltaics should present a high solubility to be easily deposited as films. Frequently, conjugated polymer solubility is low and can lead to the formation of aggregates or nano holes (pinhole) which could reduce device efficiencies. 1,2 To solve this problem, we want to introduce a block copolymer with filmogenic properties as additive to improve the film morphology, the mechanical properties and processability of the active layer.

The copolymer would be based on the n-butyl acrylate monomer as soft filmogenic block 3 and the second block would be based on a IR-absorbing polymer compatible with the active layer.

According to the literature, no block copolymers have been synthesized with an absorbing block in the near infrared and no rod-coil block copolymers based on low band-gap rod block and nbutyl acrylate coil block have been reported in literature.

Such materials can be obtained by various synthetic routes described in Chapter 1 and in this work, we decided to focus on two strategies: the macroinitiator method and the macro end-capper copolymerization method. The first method (Scheme 2), based on the work of Brochon et al. 4 , involves the use of a functional rod block used as macroinitiator in the controlled radical polymerization of n-butyl acrylate (nBA). The second method (Scheme 8)

involves the synthesis of a functional P(nBA) further used as a macro end-capper in the crosscoupling Stille polycondensation of conjugated monomers. In both synthetic routes, a polycondensation composed of three components, two monomers and one monofunctional reagent were performed. All the knowledge acquired during the study of the grafted nanoparticles, reported in Chapter 2, has been of great benefit during these experiments.

Then, the optical, thermal, and structural properties of the different materials used in this chapter were studied. It was expected that the incorporation of a coil block would improve the solubility of the block copolymers, reducing the formation of aggregates and decreasing the π-stacking. This phenomenon was observed by Visible-NIR spectrophotometry and the molar absorption coefficient were also calculated. Solid-state properties of the block copolymer films were studied as well. For optoelectronic properties of photovoltaic devices, the control over the structure and morphology in solid state is important as the charge transport proceeds by means of hopping across the medium at intrachain and interchain levels. 5 Hence, the conjugation length is a determining factor for intra-and interchain transports. The incorporation of insulating coil block could decrease the conjugation length by decreasing π-stacking and thus increasing the hopping distance between neighboring chains or grains. The thermal stability was assessed by thermogravimetric analysis and the thermal transitions were studied by differential scanning calorimetry. Interestingly, liquid crystalline transitions were observed for two materials. Grazing incidence wide-angle X-ray scattering (GIWAXS) analyses were performed to give a detailed structural study on these specific materials in order to confirm the liquid crystalline behavior.
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1) Synthesis of the acceptor monomer

The 2,5-diazapentalene (DAP) monomer was chosen for its strong electron-accepting characteristic and its broad absorption in the NIR region. This monomer is derived from the 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) chromophore 6 and its synthesis was previously reported by our research group in 2019. 7 The synthesis of the DAP monomer has been performed in 4

steps. The first step corresponds to the formation of the DPP core followed by a thionation to obtain the DAP core. Then, solubilizing lateral chains were introduced via a thioalkylation step and the last step consists in a dibromination to functionalize the monomer. patented by Iqbal et al. 8,9 In this one-pot reaction, two equivalents of 2-thiophene-carbonitrile react with di-isopropylsuccinate through a pseudo-Stobbe type condensation in basic medium. 10 The reaction temperature was chosen to be around 85°C with a slow addition of the diisopropylsuccinate in the mixture (drop-by-drop) to hinder the nucleophilic addition of the anion formed by the ester of succinate at low temperature. The conjugated bicyclic molecule was purified by precipitation in cold methanol followed by a filtration step and several washings with methanol and deionized water. The final isolated and purified product is a red powder obtained with a good yield (85%). The thiophene spacers reduce the steric hindrance, increase planarity, and improve carrier mobility while the lactam (cyclic amide) groups boost the electronic affinity of the molecule by their electron-accepting effects.

In Figure 1, the 1 H NMR spectrum shows a singlet at 11.19 ppm corresponding to the protons (a) on the lactam groups, two doublets at 8.17 The second step (ii) of the synthetic route (Scheme 1) is the thionation reaction where oxygen atoms are substituted by sulfur atoms following the synthesis reported by Wang et al. 11 and Stas et al. 12 This reaction occurs in presence of the Lawesson's reagent in chlorobenzene reflux via a mechanism similar to a Wittig reaction. 13 The end of the thionation reaction is indicated by a clear change of the solution color, turning from dark red to dark green. The thionated molecule was precipitated in cold methanol and purified several times via Soxhlet extraction in ethanol to eliminate the phosphorus residues which could degrade the monomer.

The final isolated and purified product is a dark green powder obtained with a good yield (93%).

In Figure 2, the 1 H NMR spectrum presents a singlet at 12.81 ppm corresponding to the protons (a) on the nitrogen atoms, a singlet at 8.99 ppm, a doublet of doublets centered at 7.39 ppm, and another doublet of doublets centered at 8.06 ppm associated with the aromatic protons The third step (iii) of the synthetic route (Scheme 1) is the S-alkylation to introduce alkyl side-chains used to enhance the solubility of the monomer. Hence, ethylhexylbromide was added drop-wise to the monomer previously solubilized in acetone. This alkyl chain was chosen to bring good solubility of the monomer in general organic solvents such as tetrahydrofuran (THF), dichloromethane (DCM), and chloroform (CHCl3). Potassium carbonate was added to the mixture to work in basic conditions. The alkyl chains could be installed via a N-alkylation, but the reactivity of the S-alkylation is higher: the latter occurs in priority. The monomer was purified by evaporating the acetone via rotary evaporator and by flash chromatography using silica gel. The chosen eluent was a mixture of cyclohexane and DCM (1:1). The final isolated and purified product is a purple powder obtained with good yield (63%).

In Figure 3, the 1 The final step (iv) of the synthetic route (Scheme 1) is the bromination in α position of the thiophene groups. As this reaction is very sensitive to light, this step was completed in the dark. N-bromosuccinimide was added to the alkylated product solubilized in chloroform and the reaction was followed via thin-layer chromatography (TLC) in a mixture of cyclohexane and chloroform (1:1). The brominated product was precipitated in cold methanol and the final isolated product is a green powder obtained with a reasonable yield (54%). In Figure 4, the 1 H NMR spectrum presents only two aromatic protons (a) and (b) of the thiophene at 7.83 and 7.24 ppm, respectively. The proton (a) at 8.12 ppm of the alkylated product (Figure 3) disappeared indicating the successful dibromination on the thiophene units.

The multiplet centered at 3.52 ppm corresponds to the two aliphatic protons (c) in α position of sulfur atoms and the multiplet centered at 1.82 ppm corresponds to the aliphatic proton (d) in β position of sulfur atoms. The multiplet centered at 1.38 ppm belongs to the eight aliphatic protons (e) and the multiplet centered at 0.98 ppm belongs to the four aliphatic protons (f).

The acceptor monomer was successfully synthesized and then was employed in the synthesis of donor-acceptor low band-gap polymers.

2) Synthesis of rod-coil block copolymers via the macroinitiator method

In this first synthetic strategy, a low band-gap polymer was end-functionalized with a reactive end-capper which was then modified into a nitroxide initiator. Finally, the macroinitiator was employed to initiate the polymerization of a coil block (Scheme 2). to synthesize a styrenic end-functionalized polymer (Scheme 3). The synthetic details are reported in the experimental part (Chapter 5). The monomer DTS was selected for its strong electron-donating behavior, good photochemical stability and the presence of alkyl chains on the Si atom that enhance the polymer solubility. 14 In the literature, it is reported that donor-Scheme 2: Synthetic methodology for rod-coil block copolymer via the macroinitiator method Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers 141 acceptor copolymers based on the DTS unit present a low energy level of the LUMO due to the effective orbital mixing of the Si-C π* orbital with the π* orbital of the butadiene fragment. 15 In addition, they show better optoelectronic properties in devices compared to the one based on the cyclopentadithiophene (CPDT) unit as the introduction of silicon stabilizes the diene HOMO. 16 It has to be reminded that the DTS donor monomer was purchased from 1-Material and used without further purification.

As in Chapter 2, 4-bromostyrene was selected as an appropriate end-capper due to its Stille polymerizable bromophenyl group and the presence of the styrene unit allowing unambiguous characterization of the resulting end-functional material. Most importantly, this styrene unit allows radical polymerization. The stoichiometry of the reagents was maintained according to the Carothers equation introduced in Chapter 2:

𝑁 𝐴 = 𝑁 𝐵 + 𝑁 𝐵′ → 2𝑁 𝐷𝑇𝑆 = 2𝑁 𝐷𝐴𝑃 + 𝑁 𝐸𝐺 (1) 
In which NA, NB, NB' represent the mole number of stannate functions and bromide groups pertaining to the DAP monomer and to the end-capping agent, respectively. NDTS, NDAP and NEG define the mole number of DTS and DAP monomers and 4-bromostyrene end-groups (EG), respectively. By following this stoichiometry, the total number of aryl bromides is equal to the total number of aryl stannanes and the formation of chains bearing 4-bromostyrene is promoted.

The Stille polycondensation was performed under inert atmosphere in dry toluene and followed by the precipitation of the polymer in cold ethanol. After filtration, the polymer was purified by Soxhlet extraction in ethanol to remove impurities such as metallic byproducts, catalysts, ligands and unreacted monomers. This technique is also useful to divide in several fractions the polymer chains according to the chosen solvent. Through this division, the oligomers (n ≤ 2) can be isolated in one fraction (labelled as the ethanol fraction) and the longer polymer chains in other fractions. Hence, two different fractions were obtained: one in THF and the other in CHCl3. Three end-functional polymers were obtained by slightly varying the initial end-capper molar equivalent NEG = 0.081, 0.062 and 0.078 (Table 1) and were isolated in THF fractions.

The final polymers were recovered with good yields (92%, 92%, and 83%, respectively) and Scheme 3: Synthetic methodology for styrenic end-functionalized rod alternating copolymer Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers 142 were labelled as P(DTS-DAP)-S. Yields are calculated as the ratio of the THF fraction weight on the theoretical polymer weight. For all the alternating copolymers, the THF fraction was the major fraction (average yield: 89%) and the CHCl3 fraction was considered as the minor fraction (average yield: 11%). It is also possible that the ethanol fraction contains small chains (i.e. oligomers). The chloroform fraction was not employed and not analyzed for the rest of the study. Indeed, the solubilization of this last fraction was difficult and some characterization techniques were not possible such as SEC in THF. In addition, the material must be soluble in toluene for the following synthetic steps. Therefore, all the following analyses have been performed on the THF fraction, which obviously led to a lack of information about the full polymer sample.

1 H NMR was performed to verify the proton structure of the polymers and to calculate the ratio between the repetitive units and the end-group (nDTSDAP/nEG, Table 1). In Figure 5, the protons of the alkyl chains have their chemical shifts between 0.65 and 2.04 ppm. The peaks at 6.56, 5.61 and 5.10 ppm coincide with the styrenic protons (e), (f) and (g), respectively. The integral of the proton (g) was compared to the integral of the protons (d) centered at 3.63 ppm in order to estimate the nDTSDAP/nEG ratio in the final polymers. In Figure 5, the integral of the protons (d) (Id) is equal to 20 and the integral of the proton (g) (Ig) is equal to 1. Hence, the nDTSDAP/nEG ratio was calculated from the following equation:

𝑛 𝐷𝑇𝑆𝐷𝐴𝑃 𝑛 𝐸𝐺 ⁄ = 𝐼 𝑑 4 ⁄ 𝐼 𝑔 (2) 
The nDTSDAP/nEG ratio was found to be equal to 5 and was reported in Table 1. The same calculation was applied to the two other alternating copolymers and the corresponding ratio were reported in Table 1.
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The nDTSDAP/nEG ratio in the final alternating copolymers were also calculated from Carothers equation below and reported in Table 1:

𝐷𝑃 ̅̅̅̅ 𝑛 = 1+𝑟 1+𝑟-2𝑟𝑝 (3) 
In which r is the ratio of monomer groups, and p is the conversion. It should be noted that in this equation, DPn counts the number of DTS + DAP units, so it is twice the number of repeat units n used in the calculation of the number average molar mass Mn. Therefore, Mn can be calculated as follows:

𝑀 ̅ 𝑛 = 𝑀 0 𝐷𝑃𝑛 ̅̅̅̅̅̅ 2 = 𝑀 0 2 1+𝑟 1+𝑟-2𝑟𝑝 (4) 
Where M0 is the molar mass of the repeat unit. When monofunctional reagent (as the endcapping agent) is introduced, the monomer group ratio is defined by the following equation: Where the factor 2 relative to NB' enters in the equation because the end-capper reagent has the same effect on the degree of polymerization than a difunctional monomer therefore is two times more effective.

𝑟 = 𝑁 𝐴 𝑁 𝐵 +2𝑁 𝐵′ = 2𝑁 𝐷𝑇𝑆 2𝑁 𝐷𝐴𝑃 +2𝑁 𝐸𝐺 = 𝑁 𝐷𝑇𝑆 𝑁 𝐷𝐴𝑃 +𝑁 𝐸𝐺 (5) 
The ratios obtained via 1 H NMR were found to be slightly different compared to the theory. For the polymer analyzed in Figure 5, the nDTSDAP/nEG ratio was estimated to be 5.

Thanks to the Carothers equation, the theoretical DPn of the same polymer was calculated to be 50 (at 100% conversion), corresponding to 25 DTS-DAP repetitive units. Since bromostyrene has been included in the stoichiometry, styrene units should be at both end-chains for a 100% conversion. Therefore, for this polymer, the theoretical nDTSDAP/nEG ratio is 12 (Table 1). The difference between the theory and the experiment may be due to conversion, since a theoretical 97% conversion leads to a repetitive unit (DTS-DAP) to styrene ratio of 5. The molar masses Mn were calculated from the theory and compared to the molar masses Mn directly calculated from the ratio nDTSDAP/nEG obtained via 1 H NMR with the hypothesis that each chain bore one end-capper. For the alternating copolymer P(DTS-DAP)5-S (entry 2, Table 1), the molar mass Mn, calculated from 1 H NMR, and with the hypothesis that only one styrene is present on the chain, is equal to 5000 g.mol -1 . Theoretically, a molar mass of 24000 g.mol -1 can be reached at 100% of conversion. For all the alternating copolymers, the experimental molar masses deviated from the theoretical ones due to several parameters: incomplete conversion, the approximation that each chain is monofunctionalized for a conversion below 100%, and finally, the fact that only the THF fraction was analyzed while the CHCl3 fraction contains the highest molar masses. As previously detailed in Chapter 1, high molar masses are difficult to reach in step-growth polycondensation as the conversion increases exponentially with the DPn and full conversions are rarely achieved.

In the case of the P(DTS-DAP)7-S (entry 4, Table 1), the theoretical molar mass is also reduced because the stoichiometry has not been experimentally reached: bromide groups are in slight excess compared to stannate functions.

Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers 145 The three end-functional alternating copolymers were characterized by size-exclusion chromatography (SEC) in THF equipped with a UV-Visible detector set at λ = 700 nm (Figure 6). Reasonable dispersity values between 1.5 and 1.7 and Mn and Mw from 4600 to 18200 g.mol - 1 were calculated from conventional calibration using polystyrene standards. As depicted in Figure 6, the three alternating copolymers displayed the same molar masses. This result could be due to an incomplete solubility of the polymer chains in THF. Indeed, the filter used prior to injection was slightly coloured and the longest chains may have been retained. The three styrenic end-functionalized rod alternating copolymers were transformed into macroinitiators by converting the styrenic end-groups into alkoxyamine initiating groups (Scheme 4). The nitroxide-mediated polymerization (NMP) is a controlled method of radical polymerization, easy to carry out, which enables the synthesis of polymers with controlled molar masses and well-defined architectures. 17,18 This control is achieved with dynamic equilibration between dormant alkoxyamines and actively propagating radicals (Scheme 5). 19 As usual nitroxides (R1)(R2)N-O are too stable due to the relocation of the free electron on the nitrogen or oxygen atoms, they cannot initiate a polymerization. 20 diethylphosphono-2,2-dimethylpropyl) nitroxide. 22,23 As for the MAMA-SG1 alkoxyamine, its synthesis was patented in 2010 and has been commercialized by Arkema ever since. 24 Polymer end groups originally prepared by step-growth polymerization have already Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers 147 sulfone)s with OH end groups into atom transfer radical polymerization (ATRP) initiators using an excess of 2-bromoisobutyryl bromide. 25,26 Furthermore, Mennicken et al. reported the conversion of polycarbonate with hydroxy end groups into an ATRP macroinitiator by esterification. 27 Van de Wetering et al. transformed a dioctylpoly(thienylenevinylene) with aldehyde end groups via a nucleophilic attack of a Grignard reagent based on TIPNO (2,2,5trimethyl-4-phenyl-3-azahexane-3-nitroxide) to yield an alkoxyamine macroinitior for NMP. 28 Despite numerous examples of TIPNO macroinitiators available in the literature, their production includes several synthetic steps. One solution to reduce the number of steps in the synthetic procedure is to employ the 1,2 addition of MAMA-SG1 onto olefins to prepare a second generation alkoxyamine (Scheme 6). 29 By addition of a radical species to an olefin, alkyl radicals are produced and they can trap the aminoxyl radical in situ. 21 The dissociation temperature of second generation alkoxyamines is much higher than the first one of MAMA-SG1, therefore monoaddition and not polymerization is produced at low temperatures. For instance, Dufils et al. synthesized several second generation alkoxyamines derived from various activated olefins, such as n-butyl acrylate (nBA), acrylic acid (AA), and styrene (S). 30 This technique can be applied to the preparation of macroinitiators.

Hence, for the transformation of the three styrenic end-functionalized rod alternating copolymers, we employed the 1,2 addition of MAMA-SG1 onto styrenic end groups. The alkoxyamine MAMA-SG1 was added in slight excess (2.5 eq compared to the polymer chains) to a solution of styrenic end-functionalized polymer P(DTS-DAP)-S and the mixture was heated at 100°C as the dissociation temperature zone of the MAMA-SG1 is located around this temperature. The synthesis took place under inert atmosphere and in dry chloroform to ensure Scheme 6: 1,2-addition of MAMA-SG1 onto an activated olefin. Adapted from Blas 13 a good solubility of the rod alternating copolymer. The synthetic details are reported in the experimental part (Chapter 5). The macroinitiator was precipitated in cold ethanol, filtered and washed with ethanol to remove the unreacted alkoxyamines. The final macroinitiators were obtained with yields comprised between 55 and 61% and were labelled as P(DTS-DAP)-MAMA-SG1. Lower yields were obtained, compared to the yields of the alternating copolymers, maybe due to the change of macromolecule solubility. In fact, the macroinitiators presented a higher solubility due to the presence of the MAMA-SG1 at the chain ends. Hence, during the precipitation, it could be possible that some chains have been solubilized in ethanol and lost which explains the reduced yields.

1 H NMR was performed to verify the proton structure of the macroinitiators. In Figure 7, the 1 H NMR spectrum of one of the macroinitiators, obtained at 80°C to enhance the solubility of the polymer chains, shows two areas assigned to the thiophene groups: the first zone between 8.1 and 8.27 ppm belongs to aromatic protons (a) and the second zone between 7.38 and 7.56 ppm is related to aromatic protons (b) and (c). The multiplet centered at 3.62 ppm corresponds to the two aliphatic protons (d) in the α position of sulfur atoms on the alkyl chains.

The multiplet centered at 3.25 ppm belongs to four aliphatic protons (h) on the phosphonic ester chain ends. The integral of the proton (h) was compared to the integral of the protons (d) centered at 3.63 ppm in order to estimate the nDTSDAP/nEG ratio in the final polymers. The ratios nDTSDAP/nMAMA of the macroinitiators were found to be similar to the ratios nDTSDAP/nEG of the alternating copolymers, meaning that all styrene units have been converted into MAMA-SG1 units. Nevertheless, the superimposition of the 1 H NMR spectra of the styrenic endfunctionalized polymer P(DTS-DAP)5-S and the macroinitiator P(DTS-DAP)5-MAMA-SG1 in Figure 7 shows that the signals at 6.56, 5.61 and 5.10 ppm pertaining to the parent styrene endfunctionalized polymer have not completely disappeared. From this result, we calculated the conversion of styrenic protons into MAMA-SG1 alkoxyamines according to this equation:

𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 = 𝐼 ℎ 4 ⁄ 𝐼 𝑓 1 ⁄ + 𝐼 ℎ 4 ⁄ × 100 = 83 (6) 
Here, it should be emphasized that the integration of the signals at 6.56, 5.61 and 5.10 ppm was difficult to take because of the weak intensity compared to the baseline, and may be overestimated. Therefore, we can conclude that at least 83% of the chains are now functionalized with MAMA-SG1 alkoxyamines.

The three macroinitiators were characterized by size-exclusion chromatography (SEC)

in THF equipped with a UV-Visible detector set at λ = 700 nm (Figure 8). Dispersity values between 2.1 and 2.4 and Mn and Mw from 6200 to 16100 g.mol -1 were calculated from conventional calibration using polystyrene standards and are reported in Table 2. Generally, molar masses and dispersities of macroinitiators are higher than the ones found for the rod alternating copolymers (also reported in Table 2). We explained it by the enhancement of the solubility of polymer chains thanks to the presence of the MAMA-SG1 alkoxyamines at the chain ends that allows the solvatation of the complete sample in THF. Molar masses obtained by SEC deviate slightly from the ones obtained via 1 H NMR due to the polystyrene calibration. ). The use of a controlled radical polymerization is an asset in the synthesis of block copolymers as it makes it more efficient with greater degree of control without by-products and with tolerant synthetic process conditions compared to free-radical polymerizations (FRP). 31,32 n-Butyl acrylate was chosen to build the coil block as it provides easy processability towards thin films and shows low glass-transition temperature (Tg). 33 Hence, for the first batch, nBA was added in large excess, 4700 eq compared to the macroinitiator chains, to a solution of nitroxide end-functionalized macroinitiator P(DTS-DAP)5-MAMA-SG1 in toluene. Since NMP is usually carried out above 110°C, solvents with high boiling point are preferred. Here, toluene was the solvent of choice because of its high boiling point (110°C) and it does not contain any chlorine atoms (in comparison with chlorobenzene-based solvents), which can lead to transfer in radical polymerization. [34][35][36] However, the solubility of the P(DTS-DAP)5-MAMA-SG1 was not great and a large amount of toluene was needed to achieve an acceptable sample (33 mg of polymer in 4 mL). Since the volume was high, and to keep a suitable concentration in monomer for polymerization (C = 3.35 mol.L -1 ), a substantial amount of monomer had to be inserted (around 5000 eq compared to the macroinitiator chains). The polymerization kinetics were followed by 1 H NMR by withdrawing samples at predefined times. After calculation of the conversion p by using the integral of one of the monomer peaks and integral of one of the polymer peaks (detailed in Chapter 5), semi-logarithmic kinetic of ln((1-p) -1 ) versus time was plotted (Figure 9, blue squares). If the polymerization is controlled, a linear evolution of ln((1-p) -1 ) versus time proves that the concentration of active propagating species is constant throughout the polymerization balancing the rates of activation and deactivation. 37 In the case of the polymerization of nBA with the P(DTS-DAP)5 macroinitiator at 115°C, the kinetic plot presents a plateau at very low conversion and an upward curvature after 3000 min of polymerization. This phenomenon is characteristic of a slow initiation. 38 As Scheme 7: Synthetic methodology for rod-coil block copolymer via the macroinitiator method Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers 152 the experimental conditions play a crucial role on the success of the polymerization 39 , we hypothesized that the polymerization temperature was too low to completely activate the macroinitiator. Thus, two other batches of NMP of rod-coil block copolymers were set up with two solutions of nitroxide end-functionalized macroinitiators P(DTS-DAP)7-MAMA-SG1 and P(DTS-DAP)9-MAMA-SG1 in toluene. nBA was added in large excess (5000 and 6600 eq, respectively) to each solution and the mixtures were heated at 125°C and 130°C, respectively.

The polymerization kinetics were followed by 1 H NMR and semi-logarithmic kinetic plots of ln((1-p) -1 ) versus time are presented in Figure 9 (purple circles and green triangles). At both 125°C and 130°C, the kinetic plots present a linear evolution (even though, at 125°C, the last point slightly deviates from linearity). However, no conclusion can be clearly made about this kinetic plot as it contains only few points and stops at low conversions around 13%. Although the controlled behavior of the polymerizations was not well-established, the temperature increase showed an enhancement of the initiation step as it improves the activation and the solubilization of the macroinitiators in toluene.

The block copolymers were purified by simple evaporation of monomers and solvent, solubilization in a good solvent and drying. The final conversions are 8% at 115°C, 13% at 125°C, and 8% at 130°C but, since the monomer equivalents were high, reasonable chain lengths are reached. Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers 153 1 H NMR was performed to verify the proton structure of the purified block copolymers.

In Figure 10, the 1 H NMR spectrum of one of the block copolymers, obtained at 60°C to enhance the solubility of the rod polymer chains in tetrachloroethane (C2D2Cl4), shows one area assigned to the thiophene protons (a), (b), and (c) of the rod block between 6.86 and 8.17 by means of the acquisition of two-dimensional spectra. 40 The produced two-dimensional correlation map presents chemical shifts on the horizontal axis and diffusion coefficients on the vertical axis. 41 This technique has been already employed in our laboratory 42,43 as DOSY NMR is a powerful tool to characterize and to prove the formation of block copolymers. 44 This method, sometimes called "NMR chromatography", is a very sensitive technique capable of detecting traces in complex mixtures. In Figure 11, the DOSY NMR spectrum of the rod-coil block copolymer P(DTS-DAP)5-b-P(nBA)110 shows a zoomed view of the DOSY experiment with the related 1 H spectrum projected on the top. The 1 H NMR spectrum has already been explained above (Figure 10). On the DOSY map, the signals corresponding to P(DTS-DAP)

and P(nBA) blocks seem to be aligned but the vertical axis presents a wide diffusion coefficient and a double population in the -9.5;-10.2 region. This result cannot confirm the formation of a pure block copolymer but rather suggests the presence of a mixture of residual macroinitiator and block copolymer.

The three rod-coil block copolymers were characterized by size-exclusion chromatography (SEC) in THF equipped with a UV-Visible detector set at λ = 700 nm (Figure ). Dispersity values between 1.9 and 4.6 and Mn and Mw from 43500 to 57950 g.mol -1 were calculated from conventional calibration using polystyrene standards and are reported in Table 3. As reported in Chapter 1, it is a challenge to separate alternating copolymers from block copolymers. Nevertheless, we tried so by purifying the final block copolymers via Soxhlet extraction with methanol in which the P(DTS-DAP) is insoluble but the block copolymer is soluble, given that the hot methanol solution gained color during the purification. In Figure 13, the chromatogram of the purified block copolymer is superimposed to the one of the macroinitiator and the non-purified mixture: the residual peak, pertaining to the homopolymer, is no longer present and the peak of the block copolymer is alone. This purification was successful as the P(nBA) coil block is giving solubility in methanol to the block copolymer.

The molar masses obtained by SEC-THF are quite consistent with the results obtained from 1 H NMR, except for the first block copolymer P(DTS-DAP)5-b-P(nBA)110. In this first part, three rod-coil block copolymers were synthesized via the macroinitiator method and are detailed in Table 3. The advantage of this methodology is the synthesis and characterization of a well-defined end-functionalized low band-gap polymer prior to produce block copolymer. The use of a nitroxide macroinitiator is advantageous to perform the polymerization of the second block via NMP. The installation of such nitroxide at the chain end of a low band-gap polymer was possible thanks to the intermolecular radical 1,2 addition which avoid numerous synthetic steps. However, the obtaining of short coil block could not be reached as the nBA monomer was introduced in large excess. The use of such high equivalent number of monomers was dictated by the relatively poor solubility of the macroinitiator in toluene.

Purification with a Soxhlet extraction in methanol was efficient to remove the unreacted low band-gap homopolymers and pure block copolymers were obtained.

The main limitation of this methodology is the difficulty to produce P(nBA) coil block with low molar masses given the 5000-fold excess of monomer compared to macroinitiator.

Therefore, in the following part, we used the macro end-capper copolymerization method to produce block copolymer with smaller coil block.

3) Synthesis of rod-coil block copolymers via the macro end-capper copolymerization method

In this second synthetic strategy, a coil P(nBA) homopolymer was synthesized and its chain end was then modified into a brominated one. Finally, the brominated coil homopolymer was employed as a macro end-capper in the polycondensation of the low band-gap rod block (Scheme 8). Since the attribution of the 1 H NMR spectrum was hard to complete, a two-dimensional spectroscopy known as correlated spectroscopy (COSY) was employed to determine which signals are coupled to each other (Figure 15). 45 This technique is based on the homonuclear correlation of the chemical shifts via J coupling. 46 On a typical spectrum, correlations are visible when there is spin-spin coupling between protons: diagonal and cross peaks are obtained. Since the diagonal peaks correspond to the 1D spectrum, only the cross peaks are interesting as they indicate couplings between two multiplets up to three bonds away. By tracing the cross-peaks and crossing the 1 H NMR results, the protons (d) and (d') were correlated with the proton (g).

Hence, the proton (g) was attributed to the signal centered at 2.22 ppm and the protons (d) and (Figure 16) with and without 1 H coupling. In the decoupled 31 P NMR spectrum (Figure 16b), only one signal is observable at 24.91 ppm. Since carbons 2 and 3 are asymmetric (labelled 16a) shows a doublet of quintuplet centered at 24.91 ppm corresponding to the signal observed in the decoupled 31 P NMR spectrum (Figure 16b). Such a multiplet is explained by the coupling of the phosphorus with the four equivalent protons on the carbon 1 and with the proton on carbon 2. Hence, coupling constants have been calculated:

1 JPH is around 27 Hz and 3 JPH is equal to 7.4 Hz. 47 b. Synthesis of the coil homopolymer

The n-butyl acrylate (nBA) monomer was polymerized via nitroxide-mediated polymerization (NMP) using the second generation alkoxyamine MAMA-SG1-styrene to synthesize a phenyl end-functionalized polymer (Scheme 10). The synthetic details are reported in the experimental part (Chapter 5). ) versus time was plotted (Figure 17). The controlled behavior of the polymerization is not clearly verified as no strict linear evolution of ln((1-p) -1 ) versus time can be observed.

The reaction was stopped after reaching a conversion of 55% in order to have short coil chains contrary to the long coil chains obtained via the macroinitiator method.

The coil homopolymer labelled as P(nBA)-MAMA-SG1-styrene was purified by simple evaporation of monomer and solvent, dissolved in a good solvent and dried. In Figure 18, the 1 H NMR spectrum of the polymer, performed in C2D2Cl4, shows a large peak at 4.08 ppm corresponding to the two aliphatic protons (d) in α position of the ester of n-butyl acrylate.

Other peaks centered at 2.32 ppm and 0.97 ppm belong to protons (f) and (g) of poly(n-butyl 

𝐷𝑃 𝑛 = 𝐼 𝑑 2 ⁄ 𝐼 𝑏 2 ⁄ = 𝐼 𝑑 2 ⁄ 𝐼 𝑒 1 ⁄ = 55 = 𝐼 𝑓 (7) 
The coil homopolymer was characterized by size-exclusion chromatography (SEC) in THF equipped with a RI detector (Figure 19). A dispersity of ~ 1.15 was calculated from conventional calibration using polystyrene standards which is one of the features of living polymerization like NMP. 21,48 The SEC results are reported in Table 4. The DPn calculated from the 1 H NMR was chosen for the rest of the study as the DPn extracted from the SEC results is less correct due to the polystyrene calibration. The bromination was expected to occur with regioselectivity on the aromatic ring (parasubstitution) as a heterogeneous catalyst (i.e. clay mineral also called K10-montmorillonite) was employed. Actually, such catalysts are well-known for their high catalytic activity, versatility, and selectivity. 51,52 After 6h of reaction, the brominated polymer was purified by filtration and washings with diethyl ether. The brominated coil homopolymer labelled as P(nBA)55-MAMA-SG1-styrene-Br was dried and obtained with good yield (86%). The brominated styrene end-functionalized coil homopolymer was selected as a macro end-capper due to its Stille polymerizable bromophenyl group. The stoichiometry of the Scheme 12: Synthetic methodology for rod-coil block copolymer via the macro end-capper copolymerization method reagents was not maintained due to the low bromination yield of the coil block (i.e. 26%) (Table 5), according to the Carothers equation introduced in Chapter 2: NA = NB + NB' → 2𝑁 𝐷𝑇𝑆 = 2𝑁 𝐷𝐴𝑃 + 𝑁 𝐸𝐺 (9) In which NA, NB, NB' represent the mole number of stannate functions and bromide groups pertaining to the DAP monomer and to the end-capping agent respectively. NDTS, NDAP and NEG, define the mole number of DTS and DAP monomers and 4-bromostyrene end-groups (EG), respectively.

Due to the low bromination yield of the coil block, the total number of aryl bromides (i.e. 1.9) is not equal to the total number of aryl stannanes (i.e. 2). Hence, the macro end-capping is not totally promoted. The synthetic details are reported in the experimental part (Chapter 5).

The Stille polycondensation was performed under inert atmosphere in dry toluene and followed by the precipitation of the polymer in ethanol. After filtration, the polymer was purified by Soxhlet extraction in ethanol to remove impurities such as metallic byproducts, catalysts, ligands and unreacted monomers. This extraction via ethanol was also performed to remove the non-brominated and the unreacted brominated coil polymers. As the ethanol fraction was colorless, we assumed it did not contain the block copolymer. Two other Soxhlet extractions were performed in THF and in chloroform in order to isolate the rod-coil block copolymer. As the chloroform fraction was totally empty and the filtrate was colorless, we assumed the rodcoil block copolymer was in the THF fraction. Moreover, since the P(nBA) coil block is supposed to enhance the solubility of the rod block, the rod-coil block copolymer should be completely soluble in THF regardless of the rod block size. The final yield, calculated from the THF fraction, was around 30%. On the DOSY map, the signals corresponding to P(DTS-DAP) and P(nBA) blocks seem to be aligned around 10 -10 m 2 .s -1 but the vertical axis presents a wide diffusion coefficient. This result cannot confirm the formation of a block copolymer but rather indicates the presence of a blend between homopolymers and block copolymers. The rod-coil block copolymer was characterized by SEC in THF equipped with a UV-Visible detector set at λ = 700 nm. The SEC chromatogram was compared to the one of the coil homopolymer obtained with a RI detector (Figure 23). A shoulder towards higher molar mass is apparent, suggesting the presence of the desired material. However, the peak towards lower molar mass on the block copolymer SEC chromatogram have the same molar mass as the coil homopolymer in RI detector. Yet, the coil homopolymer cannot be analyzed via UV-Visible detector as it does not absorb in the UV-Visible region. Hence, the peak towards lower molar mass obtained with the UV-Visible detector does not correspond to the coil homopolymer alone. We hypothesized that this peak stands for the rod alternating copolymer alone that was not end-capped with the macro end-capper coil homopolymer and the shoulder towards higher molar mass is correlated to the block copolymer. Indeed, this result could correspond to the DOSY NMR where the signal at 3.65 ppm, corresponding to the four aliphatic protons (d) in the α position of the sulfur atoms on the alkyl chains of the rod block, presents two spots on the diffusion pattern. The spot with the lowest diffusion coefficient is aligned with the spot corresponding to the aliphatic protons (e) in α position of the ester function of n-butyl acrylate (signal at 4.1 ppm) and must correspond to the block copolymer. The spot with the highest diffusion coefficient is not aligned with P(nBA) diffusion spot and must rely on smaller Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers 169 homopolymer chains. Hence, the final material is a mixture of rod alternating copolymer and rod-coil block copolymer. As reported in Chapter 1, it is a challenge to separate homopolymers from block copolymers. Yet, in this case, the difference of solubility between the rod alternating copolymer and the block copolymer could be sufficient to perform a second Soxhlet extraction in ethanol to separate them. Unfortunately, due to lack of time, we could not try to purify the block copolymer.

The amount of the rod block/homopolymer was calculated from 1 H NMR and reported in Table 5. 29 units of DTS-DAP were polymerized for 55 units of nBA. For simplicity, we called this sample P(DTS-DAP)29-b-P(nBA)55 even though it is a mixture. Here, the coil block is smaller than the ones attached to the rod blocks via the first synthetic strategy. The molar mass of the shoulder towards high molar mass was calculated from the SEC results and is consistent with the molar masses calculated via 1 H NMR. This second synthetic method led to smaller coil block than in the first synthetic method.

However, even if the size of the two blocks are more homogeneous, this synthetic strategy is less efficient than in the first one as the bromination step did not lead to satisfactory yields.

Moreover, this method includes more synthesis steps than the macroinitiator method and is therefore more time consuming than the other one.

4) Optical, thermal, and structural properties a. Optical properties

Optical properties of the materials described in this chapter were studied by Visible-NIR spectrophotometry.

First, the Visible-NIR absorption spectra of the rod alternating copolymers (described in II.1)a.) were measured in chloroform. In Figure 24, the three spectra present the same shape with two characteristic absorption peaks, which is a feature commonly observed for alternating donor-acceptor copolymers. 53 The three spectra show an absorption band between 400 and 560 nm corresponding to a π-π * transition along the polymer backbone with λmax around 475 nm. In the literature, it is well-known that alternating monomers with different electronic levels in the polymer produces a transition assigned to an intramolecular charge transfer (ICT) between the donor and the acceptor monomers. 54 This phenomenon is observed on the three spectra where a second absorption band appears between 560 and 1100 nm. The strength of the acceptor dictates the range of the ICT band: the stronger the acceptor is, the higher the maximum wavelength is. 55,56 The bathochromic phenomenon (also called red shift) is also influenced by rigidity 57 , conjugation length 58 , and aggregation 59 also called π-stacking where the aromatic rings interact with each other. 60 All these parameters are closely related and can be influenced by several other criteria such as the employment of a π-linker or the planarization of the polymer backbone. In Figure 24, the maximum of the ICT band is located around 845 nm for the three polymers. Finally, there is a shoulder around 930 nm that can be attributed to aggregates of the conjugated polymer via π-stacking. This result will be confirmed later by the observation of thin film spectra.

Then, the Visible-NIR absorption spectra of the rod-coil block copolymers (described in II.1).c. and II.3).d.) were measured in chloroform. The spectra, presented in Figure 25, have been normalized considering the maximum absorption of the π-π * transition band of each material with λmax between 470 and 482 nm. Concerning the ICT bands around 800 nm, they present different maximum absorptions varying in position (wavelength) and intensity (absorbance). The λmax of the ICT band of each block copolymers are reported in Table 6.

Since the coil block does not absorb in the 350-1300 nm spectral range, the absorption spectra seen in Figure 25 largely reflect the conjugated rod blocks in the block copolymers. 61 A tendency is observed: the rod-coil block copolymers with moderate coil block lengths (i.e. P(DTS-DAP)29-b-P(nBA)55 and P(DTS-DAP)5-b-P(nBA)110) show pretty much the same optical behavior than the rod copolymer. By superimposing the absorption spectra (normalized with the π-π transition) of the rod copolymer P(DTS-DAP)7 and those of the two rod-coil block copolymers, we could observe that the ICT transition band of all samples have a similar Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers position, despite normalization. On the contrary, the block copolymers containing longer coil chains (i.e. P(DTS-DAP)9-b-P(nBA)450 and P(DTS-DAP)7-b-P(nBA)520) present a strong hypsochromic shift of around 60 nm. Moreover, the intensity of the ICT absorbance decreased by a factor of 2.5 in comparison with the rod copolymer. The vanishing of the intensity of the ICT band occurs with the decrease of the rod block ratio. This result suggests that interchain interactions among the rod block are reduced by incorporating the coil block. 62 Besides, we can clearly see, by the observation of all the samples, that the transition around 930 nm, attributed to the π-stacking, decreases in intensity when the size of the P(nBA) coil block increases. This result can be explained by the fact that the steric hindrance induced by the increase of the coil block disrupts the planarity of the rod block and as a consequence hinders to a certain extent the π-stacking. 63 Molar extinction coefficients ε of the rod-coil block copolymers and one rod copolymer were calculated by using Beer-Lambert's law in the concentration range from 0.009 mM to 0.05 mM. Molar extinction coefficients ε of the rod copolymer P(DTS-DAP)9 was calculated from the molar concentration Cn obtained from the following equation: where Cm corresponds to the mass concentration and M0 to the molar mass of the DTS-DAP repetitive unit of the rod copolymer. The maxima molar extinction coefficients ε are reported in Table 6.

𝐶 𝑛 = 𝐶 𝑚 𝑀 0 (10) 
For the determination of molar extinction coefficients of block copolymers, only the block having a Visible-NIR absorption (i.e. playing the role of the "chromophore") contributes to the final absorption. [START_REF] Beaujuge | Spectral Engineering in π-Conjugated Polymers with Intramolecular Donor-Acceptor Interactions[END_REF] Hence, ε of the rod-coil block copolymers were calculated from the molar concentration Cn obtained from the following equation:

𝐶 𝑛 = 𝐶 𝑚 𝑃(𝐷𝑇𝑆-𝐷𝐴𝑃) 𝑀 0 = 𝑤 𝑃(𝐷𝑇𝑆-𝐷𝐴𝑃) ×𝐶 𝑚 𝑐𝑜𝑝𝑜 𝑀 0 (11) 
where M0 corresponds to the molar mass of the DTS-DAP repetitive unit of the rod copolymers and Cm P(DTS-DAP) to the mass concentration of the rod copolymers calculated by multiplying the mass fraction wP(DTS-DAP) (calculated from the molar fractions obtained via 1 H NMR and reported in Table 6) by the mass concentration of the block copolymers Cm copo.

Superimpositions of the molar extinction coefficients ε of the rod copolymer and rodcoil block copolymers are presented in Figure 26. The difference of the contributions of ICT and π-π * transition are easily observable. The highest ε for the ICT band correspond to the block copolymer P(DTS-DAP)5-b-P(nBA)110 and the maxima εICT of the other block copolymers decrease when the coil block length increases. This result confirms the hypothesis formulated previously: the incorporation of coil blocks disrupts the ICT and the interchain π-stacking.

Important effects of chromophore size and spatial confinement of chromophores on the electronic structure are observed. For the block copolymers containing longer coil chains, there may be both reduced chromophore size and three-dimensional spatial confinement as the rod chromophores are dispersed in the coillike matrix. 61 The maxima molar extinction coefficients ε are reported in Table 6 and vary between 0.74 and 2.82.10 4 L.mol -1 .cm -1 for the π-π * transition bands and between 0.65 and 5.82.10 4

L.mol -1 .cm -1 for the ICT bands.

Table 6: Optical characteristics of the rod copolymers and the rod-coil block copolymers Then, the Visible-NIR absorption spectra of the rod copolymer P(DTS-DAP)5 and the rod-coil block copolymer P(DTS-DAP)7-b-P(nBA)520 were measured in thin films. The two different materials were dissolved in chlorobenzene (10 g/L) and the solutions were deposited on glass coverslips by drop-casting. The absorption spectra in solution and in film of the two materials are presented in Figure 27. Concerning the rod copolymer P(DTS-DAP)5, the absorption spectrum in film presents a bathochromic shift of the shoulder centered at 950 nm.

The intensity of the ICT band is decreased in solid state, compared to the solution spectrum. In addition, the ICT band is larger in thin film. Concerning the rod-coil block copolymer P(DTS- the intensity of the shoulder of the π-stacking band centered at 950 nm is increased. However, the maxima absorption of the ICT and the π-π * transition bands, located at 775 and 470 nm, respectively, do not show intensity variation compared to the absorption spectra in solution.

Hence, the contributions of ICT and π-π * transition are similar in film or in solution for the rodcoil block copolymer but not for the rod copolymer. The difference of contributions of each band and the bathochromic shift observed for the rod copolymer are explained by the redistribution of π-electrons in the conjugated backbone due to the close proximity to each other 58 and the augmentation of the planarity and the degree of crystallinity in solid state. 63 This specific feature is sometimes avoided by thermal annealing of the thin films 59 but this chromic phenomenon could also be seen as an advantage as the absorption area of the polymer is extended leading to enhanced photocurrent and photoconversion efficiency in photovoltaic devices. Besides, the π-stacking improves the charge carrier mobility enhancing the efficiency of organic thin film transistors.

The rod-coil block copolymer does not show an important red shift between the absorption spectra in solution and in solid state as the material presents less aggregation phenomenon due to the incorporation of the coil block. The block copolymer can be easily processed in thin films thanks to the n-butyl acrylate. In the end, optical bandgaps were estimated from the low energy band edge in the optical spectra (Figure 24, Figure 25, Figure 27) following the equation presented in Chapter 1:

𝐸 𝑔 = 1240 𝜆 𝑜𝑛𝑠𝑒𝑡 (12) 
The optical bandgaps Eg opt in solution and in thin film are reported in Table 7. For the rod copolymer P(DTS-DAP)5, the average Eg opt is 1.17 eV and for the block copolymers P(DTS-DAP)7-b-P(nBA)520, the average Eg opt is around 1.23 eV. This result is due to the higher amount of π-stacking in the rod polymer. In film, the optical bandgap of the rod copolymer is slightly decreased at 1.00 eV and the one of the block copolymer is 1.10 eV. Again, this difference is logically attributed to the coil block hindering the formation of π-stacking.

Table 7: Optical characteristics of the rod copolymers and the rod-coil block copolymers b. Thermal properties

The thermal stability of two rod alternating copolymers and their corresponding block copolymers was investigated by thermogravimetric analysis (TGA) at a heating rate of 10°C/min under nitrogen. The weight loss curves of the materials are presented in Figure 28.

The rod copolymer present two steps of thermal degradation between 250-350°C and 400-500°C. The first degradation represents a mass loss of about 20% and corresponds to the decomposition of the alkyl side chains on the DTS unit. 65,66 The second process of degradation represents a mass loss of about 30% and can be attributed to the decomposition of the polymer main chain. Concerning the block copolymer, its weight loss curve displays a single step decomposition around 410°C and corresponds to a mass loss of about 95%. This single degradation step is attributed to the high mass content of P(nBA) in the block copolymers. Both rod copolymer and block copolymer have an acceptable thermal stability explained by the For the rod alternating copolymer P(DTS-DAP)9, the DSC curves of the first and second heatings are given in Figure 29a and are not exactly similar. During the first heating, no glass transition (Tg) can be seen while during the second heating, the Tg is visible and centered at -47°C. This second-order transition is defined by IUPAC as "the process in which a polymer melt changes on cooling to a polymer glass or a polymer glass changes on heating to a polymer melt". 67,68 However, this phenomenon, which is not considered as a thermodynamic transition, is still subject to ongoing scientific investigation. Regarding the rod alternating copolymer, the amorphous parts could correspond to the long alkyl chains providing better solubility and less rigidity to the polymer backbone. Hence, the glass transition observed is due to the presence of alkyl chains on both the DTS and the DAP monomers. Moreover, the first scan leads to two transitions at 56°C and 71°C with dissimilar intensities. The sharpness of the endotherm at 71°C could be the evidence of a melting peak. The second scan presents the same two transitions slightly shifted at 56°C and 68°C. The second transition centered at 68°C lost the major part of its intensity compared to the first scan. A small exothermic peak is observed at 18°C upon the Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers 178 2 nd heating scan. This feature is attributed to the cold crystallization process in which the material undergoes some crystallization while heating at temperatures slightly above the glass transition temperature due to sufficient mobility to arrange itself into ordered structure. 67 This phenomenon is observed if crystallization was not completed before sample vitrification, i.e.

the crystallization does not occur during the cooling cycle as no stable nuclei was formed. 69 In this chapter, no characteristic peak could be observed upon cooling for the rod alternating copolymer P(DTS-DAP)9 (Figure 29b) and all the other materials. The absence of crystallization peaks can also be explained by a low crystallinity due to insufficient flatness which prevents the stacking of polymer chains at long distance to form crystalline domains.

Hence, the cooling processes will not be depicted for the other materials in this chapter.

For the block copolymer P(DTS-DAP)5-b-P(nBA)110, four heating scans were performed and are depicted in Figure 30. The second order glass transition is visible on all the scans and is centered at -43 °C. The amorphous part of the material responsible for the glass transition corresponds to the coil block providing an important mobility to the polymer backbone. The glass transition temperature of homopolymers based on n-butyl acrylate is well reported in the literature and is between -45 and -55 °C. 70 Normally, for block copolymers, two distinct glass transitions should be observed to exhibit the immiscibility of the corresponding blocks. [START_REF] Holonyak | VISIBLE) LIGHT EMISSION FROM Ga(As 1x P x ) JUNCTIONS[END_REF] Here, only one Tg is observable probably because of the high content of P(nBA) compared to the rod block and the similar values of their Tg. No clear endotherm or exotherm were observed suggesting the absence of crystallization phenomenon probably hindered by the length of the coil chains. For the block copolymer P(DTS-DAP)9-b-P(nBA)450, two heating scans were performed and are depicted in Figure 31. The glass transition is visible on all the scans and is centered at -55 °C corresponding to the glass transition temperature of the coil block. However, the transitions present endothermic peaks at the Tg region revealing the enthalpy relaxation phenomenon which is the enthalpy change observed near the glass transition when a sample is heated at a rate different from that at which it was cooled down, according to IUPAC. 67 The enthalpy relaxation phenomenon can also be observed after aging the sample in the glassy state below the glass transition temperature. This excess of enthalpy exposes that polymer glasses are in a non-equilibrium thermodynamic state and the position and magnitude of this endothermic peak depends upon the thermal history and the structural characteristic of the polymer glasses. 72 These observations on the DSC thermograms are in accordance with the DSC program employed to analyze the block copolymer P(DTS-DAP)9-b-P(nBA)450 as the sample was aged for 30 min at -90°C prior to heating it. For the block copolymer P(DTS-DAP)7-b-P(nBA)520, four heating scans were performed and are depicted in Figure 32. The glass transition is visible on all the scans and is located between -50 and -52°C. Same observations were made as for the block copolymer P(DTS-DAP)9-b-P(nBA)450: enthalpy relaxation phenomena are visible on all the heating scans.

These results are consistent with the DSC program employed to analyze the block copolymer as the sample was aged 30 min at -90°C and the heating and cooling scans were not performed at the same rate (20°C.min -1 and 1°C.min -1 , respectively).

For both block copolymers P(DTS-DAP)9-b-P(nBA)450 and P(DTS-DAP)7-b-P(nBA)520, no crystallization phenomenon was observed suggesting that the length of the coil chains hinders it, which is in accordance with the absorbance spectra of these materials. For the block copolymer P(DTS-DAP)29-b-P(nBA)55, two heating/cooling scans were performed and showed two endothermic peaks around -27 and 70°C. The sharpness of the second peak at 70°C indicates the possibility of a melting peak.

In order to determine if the melting temperatures correspond to the ones of the rod alternating copolymer P(DTS-DAP) and the block copolymer or if they are related to liquid crystalline phase transitions, four heating scans were performed at different heating rates like in the work of Abdelsamie et al. [START_REF] Abdelsamie | Toward Additive-Free Small-Molecule Organic Solar Cells: Roles of the Donor Crystallization Pathway and Dynamics[END_REF] In their study, decreasing the rate led to notable decreases in the observable endothermic transition which indicates a phase transition with a small activation barrier. This type of transition is characteristic of liquid crystalline phase transition with the evolution from a more ordered to a less ordered state. The four heating scans performed on the block copolymer are depicted in Figure 33. No glass transition is observed on all the scans, but two transitions with dissimilar intensities and shapes are visible upon heating at different scans.

The first scan displays two endotherms: one large centered at -27°C and the other sharp at 70°C.

By decreasing the heating rate from 20°C.min 1 to 1°C.min -1 , the two endothermic peaks decreased notably from -27°C to -38°C for the first one, and from 70°C to 51.5°C for the second one. Hence, the two endotherms do not correspond to melting temperatures but are related to liquid crystalline phase transitions.

It is worth reminding that a liquid crystal is a substance that is able to flow like liquids and displays special symmetry properties inherited from crystalline solids. 74 Between three- dimensionally ordered crystals and disordered fluids [START_REF]Fundamentals of OLEDs[END_REF] , polymer with liquid-crystalline structures can be characterized by different mesophases such as the nematic phase and the smectic phases A and C. 76 Upon heating, various transitions are observed from the crystalline phase to isotropic liquid as depicted in Figure 34. In the smectic phase, the molecules are ordered along one direction in well-defined layers oriented specifically. In the nematic phase, the rod-shaped molecules self-align to have long-range directional order. Finally, all order is lost forming an isotropic liquid.

Hence, the endotherms around -27 and 70°C observed on the DSC thermograms of the block copolymer P(DTS-DAP)29-b-P(nBA)55 could be attributed to the smectic phase and the isotropic phase transitions, respectively.

As previously shown in Figure 29, the DSC thermograms of the rod alternating copolymer P(DTS-DAP)9 exhibited two endothermic peaks. We hypothesized that the rod alternating copolymer presents liquid crystalline transitions as well. In the literature, it is reported that long side chains can induce liquid crystallinity in rod polymers as they have their own crystallization and melt behavior. 5 The two endotherms around 56 and 71°C could correspond to the nematic phase and the isotropic phase transitions, respectively.

Since P(DTS-DAP)29-b-P(nBA)55 is a mixture of block copolymer and alternating copolymer, the liquid crystalline phases could be observable due to the presence of the rod alternating copolymer, the molecular group responsible for the liquid crystalline behavior also called the mesogenic group. For the other block copolymers, they have long coil blocks that could hinder the liquid crystalline features: no endothermic peak is observed on their DSC thermograms.

Figure 34: Phase transition between crystals, smectic, nematic, and isotropic liquid phases as function of temperature.

However, liquid crystalline behavior could be more evidenced by using polarized optical microscopy (POM) as they exhibit a unique texture under microscopy. 77 Such images present contrasting areas corresponding to domains where liquid crystals are oriented toward different directions. Unfortunately, due to lack of time, no POM could have been performed to confirm the presence of liquid crystalline polymers.

c. Structural properties

Since the several DSC experiments were not sufficient to determine the liquid crystallinity of the materials, a detailed structural analysis of the rod alternating copolymers P(DTS-DAP)9 and two block copolymers (P(DTS-DAP)29-b-P(nBA)55 and P(DTS-DAP)9-b-P(nBA)520) was performed by means of grazing incidence wide-angle X-ray scattering (GIWAXS) in order to gain structural information of the different phases like in the work of Peng et al. 78 and Li et al. 79 The materials of interest were deposited as thin films by wire-bar coating onto preheated silicon substrates at different temperatures: room temperature, 35°C, 60°C, and 85°C. These specific temperatures were chosen according to the DSC thermograms displaying thermal transitions around -30°C, 55°C, and 70°C. The wire-bare coating is a simple deposition method where the thickness is controlled by the diameter of the wire and this technique displays several advantages such as excellent control of solidification rate and control of deposition temperature and speed. 80 However, the final thin films, presented in Figure 35, did not present homogeneous depositions. In order to have an ideal total scattering intensity for GIWAXS measurement, the thin films must present a thickness of at least 100 nm. Hence, the film thicknesses were measured on different areas with a profilometer to verify this requirement. All the thin films presented a thickness of at least 100 nm at the side and center areas of the samples. However, the thicknesses were not homogeneous. By a simple comparison of the color and aspect of the thin films, we can observe that thin films from the rod alternating copolymer P(DTS-DAP)9 and from the rod-coil block copolymer P(DTS-DAP)29-b-P(nBA)55 with a moderate coil length look similar. Regarding the thin film from P(DTS-DAP)9-b-P(nBA)520, the color and aspect are very different. This can be due to the high coil content that is an advantage to process thin films.

The geometry of a GIWAXS experiment is presented in Figure 36a in which an incident X-ray beam grazes the sample under a very small angle. On the GIWAXS patterns and corresponding 2D profiles, peaks and reflections can be observed indicating periodicities in the film microstructure which may arise from crystallinity or self-assembly processes. 81 The GIWAXS measurements provide information on both in-plane (qxy, direction parallel to substrate) and out-of-plane (qz, direction perpendicular to the substrate) structures of the thin films (Figure 36b). Indeed, high intensity of lamellar peaks in the out-of-plane orientation indicates an edge-on orientation wherein the side-chains interact with substrate interface and the π-stacking direction parallel to the substrate (Figure 36c). On the contrary, high intensity of lamellar peaks in the in-plane orientation indicates a face-on orientation wherein the aromatic rings stacked along the film with π-stacking direction perpendicular to the substrate (Figure 36d). 82 Hence, GIWAXS enables probing of the molecular-scale packing of the components and the intensity along scattering rings can be used to quantify the orientation distribution of the material. 83,84 Figure 36 In Figure 37, the GIWAXS 2D profiles of the rod alternating copolymer P(DTS-DAP)9

films exhibited a (100) peak on both in-plane and out-of plane directions at q0 = 3.8 nm -1 .

However, the out-of-plane profiles presented four other peaks. The (200) and (300) peaks were observed at q-values of 2q0 = 7.6 nm -1 and 3q0 = 11.3 nm -1 , respectively. These peaks are the result of lamellar stacking and a characteristic distance d can be calculated from the following Bragg's law:

𝑑 = 2𝜋 𝑞 (13) 
In the rod alternating copolymer P(DTS-DAP)9 films, the characteristic distance d is 1.65 nm and correspond to the distance between two chains. Both in-plane and out-of-plane profiles also presented a peak at q = 17.3 nm -1 which was attributed to the π-stacking of the aromatic rings and corresponds to a characteristic distance d of 3.63 Å. Other peaks were visible in the out-of-plane at q = 14 nm -1 , which corresponds to a characteristic distance d equal to 4.48 Å, and in the in-plane at q = 12.6 nm -1 corresponding to a characteristic distance d of 4.98 Å.

By comparing the intensities of the peaks on the 2D profiles, the results at room temperature, 35°C, 60°C, and 85°C were very similar. However, the peaks were more intense in the out-ofplane direction which may indicate an edge-on orientation. Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers

Regarding the overall results, the rod copolymer is semi-crystalline, which is consistent with Visible-NIR spectrophotometry and DSC measurements. However, the thin films coated at 85°C should not display all the peaks contrary to the results obtained at room temperature as the melting point of the material is presumably around 70°C. It is possible that the coating process at 85°C is not high enough to hinder the crystallization of the material. Rather a thermal annealing should be performed during GIWAXS experiments.

In Figure 38, the GIWAXS 2D profiles of P(DTS-DAP)29-b-P(nBA)55 films exhibited the same features as the rod copolymer P(DTS-DAP)9 films. A sharp (100) peak on both inplane and out-of-plane directions was visible at q0 = 3.8 nm -1 . Four other peaks were observed on the out-of-plane directions. The ( 200) and (300) peaks were spotted at q-values of 2q0 = 7.6

nm -1 and 3q0 = 11.3 nm -1 , respectively. These peaks are due to lamellar stacking with a characteristic distance d of 1.65 nm. The same well-defined peak at q ~ 17.3 nm -1 was observed on both in-plane and out-of-plane directions and was attributed to the π-stacking with a distance of 3.63 Å. Like with the rod copolymer, peaks were visible in the out-of-plane at q = 14 nm -1 , which corresponds to a characteristic distance d equal to 4.48 Å, and in the in-plane at q = 12.5 nm -1 corresponding to a characteristic distance d of 5.02 Å. The intensities of the peaks on the 2D profiles were different depending on the casting temperature: the crystallinity seems to be higher at moderate temperatures (room temperature and 35°C) than at higher temperatures (60°C and 85°C). However, the peaks were more intense in the out-of-plane direction which may indicate an edge-on orientation. The crystallinity of the block copolymer is in accordance with the observation made with Visible-NIR spectrophotometry and DSC measurements. Yet, like the rod copolymer, the thin films of block copolymer coated at 85°C should not display all the peaks contrary to the results obtained at room temperature as the melting point of the material is presumably around 70°C.

Temperature-dependent GIWAXS measurements could be performed to improve the GIWAXS patterns and to enhance the difference between the different casting temperatures.

Unfortunately, due to lack of time, such experiments could have not been performed.

In Figure 39, GIWAXS patterns of the block copolymer P(DTS-DAP)9-b-P(nBA)520 films did not exhibit a (100) peak but displayed two weak and diffuse in-plane and out-of-plane reflections at q ~ 5 nm -1 and q ~ 14 nm -1 . The peaks displayed the same intensities regardless of orientation. The four orders previously observed for the other block copolymer were not detected for this sample and no specific orientation was observed. No π-stacking peak was observed at q = 17. 

III. Conclusion

In this chapter, we employed two synthetic methods to yield rod-coil block copolymers based on an IR-absorbing rod block and a filmogenic coil block to improve the overall solubility of the material. Such macromolecules were obtained via the macroinitiator method and the macro end-capper copolymerization method. However, one synthetic strategy is more efficient than the other: the macroinitiator technique. Indeed, this technique presents the main advantage to access the synthesis and the characterization of a well-defined end-functionalized low bandgap polymer prior to produce block copolymer. Moreover, the polymerization of the coil block was controlled thanks to the use of a nitroxide macroinitiator via NMP. Yet, this method shows a drawback: the impossibility to reach short coil blocks due to the large excess of monomers introduced in the mixture. Therefore, another synthetic strategy was employed, the macro endcapper copolymerization method, to produce smaller coil block in block copolymers. This technique led to more homogeneous size of the rod and the coil blocks but a residual rod copolymer is observed as a secondary product that could not be removed from the block copolymer. Moreover, this synthetic pathway is less efficient than the macroinitiatior method as it contains more synthesis steps. Besides, the bromination step did not lead to satisfactory yields.

Visible-NIR spectrophotometry was employed to study the optical properties of the materials obtained in this chapter. It was found that the introduction of a coil block with filmogenic properties enhanced the solubility of the block copolymers by reducing the formation of aggregates and decreasing the π-stacking. Molar extinction coefficients of the rodcoil block copolymers and their corresponding rod copolymers were calculated. The highest molar extinction coefficient for the intramolecular charge transfer band correspond to the block copolymer with the shortest coil block P(DTS-DAP)5-b-P(nBA)110. For the other block copolymers, it was found that the molar extinction coefficients of the ICT band decreased when the coil block length increased. Solid-state properties of one block copolymer and one rod copolymer films were studied as well. The rod-coil block copolymer presented less aggregation phenomenon due to the incorporation of a filmogenic coil block. The thermal stability of some materials was assessed by thermogravimetric analysis and their thermal transitions were studied by differential scanning calorimetry. It appeared that the block copolymer P(DTS-DAP)29-b-P(nBA)55 and the rod copolymer P(DTS-DAP)9 presented liquid crystalline transitions possibly due to the presence of long side chains on the rod block having their own crystallization and melt behavior. However, this hypothesis must be confirmed by the observation of the thin films on a polarized optical microscope. In addition, a detailed structural analysis was performed on the two materials by means of GIWAXS experiments. The block copolymer and the rod copolymer presented a periodicity more pronounced in the out-of-plane direction. This result suggests that the materials adopt a lamellar structure with an edge-on orientation: the π-stacking direction is parallel to the substrate.

I. Introduction

In the work described in this chapter, the main goal was to extend the possible applications of IR-absorbing polymers, by designing an amphiphilic rod-coil diblock copolymer able to self-assemble in water. It is well-known that in the last thirty years the field of organic electronics has experienced tremendous growth, notably for the development of OLEDs, OFETs, and OPVs. Now, research also tend to focus on the application of organic electronic materials in the field of bioelectronics. 1,2 Among the scientific progress in that field, the development of biosensors such as glucose monitors for diabetics, pacemakers/defibrillators, cochlear implants, and biomedical instruments must be cited as major advances. 3 In addition to health monitoring, bioelectronic devices can be applied to medical therapy such as photo/thermo therapy or surgical actuation mechanisms. 4 Yet, medical therapy includes also the field of cancer treatment that has seen the development of tremendous emerging therapies such as photodynamic therapy based on the use of a photosensitizer [5][6][7] or photothermal therapy based on the nonradiative conversion of light energy into heat [8][9][10] to trigger the death of cancer cells. In this chapter, we aimed at synthesizing photothermal nanoobjects of an amphiphilic diblock copolymer containing a photothermal hydrophobic block (P(DTS-DAP)) and a biocompatible hydrophilic block made of di(ethylene glycol) ethyl ether acrylate (eDEGA) and oligo(ethylene glycol) methyl ether acrylate (mOEGA) units (P(eDEGA-co-mOEGA)).

Such materials can be obtained by various synthetic routes described in Chapter 1, and in this work, we decided to focus on two strategies already employed in Chapter 3: the macroinitiator method and the macro end-capper copolymerization method. The main difference in this chapter is the nature of the coil block: a random copolymer based on the di(ethylene glycol) ethyl ether acrylate (eDEGA) monomer and the oligo(ethylene glycol) methyl ether acrylate (mOEGA) macromonomer in a composition of 90% and 10%, respectively. At first, we chose a thermoresponsive polymer due to its ability to easily control the self-assembling behavior of the final copolymer via a simple variation of the temperature and its high potential for in vitro and in vivo applications. 11 Indeed, such polymers present biocompatibility thanks to their polyethylene glycol (PEG) parts and a versatile and controllable lower critical solubility temperature (LCST) behavior when mixing short and long oligo ethylene glycol (OEG) side chains (2 and 9 repetitive units, respectively). 12 Combining this hydrophilic block to a hydrophobic conjugated block covalently linked led to an amphiphilic copolymer with promising properties for bioelectronic devices and optoelectronic materials. 13 Then, the optical properties of the different materials obtained in this chapter were studied. We also studied the photothermal properties of one low band-gap homopolymer and two rod-coil block copolymers in different solvents and under different parameters.

Outstanding photothermal performances of the different materials were found. Finally, a study of the nano-objects formed by the diblock copolymer in water was conducted using dynamic light scattering (DLS) in order to determine the structure of such amphiphilic materials.

II. Results and discussion

1) Synthesis of rod-coil block copolymers via the macroinitiator method

In this first synthetic strategy, a low band-gap polymer was end-functionalized with a reactive end-capper, which was then modified into a nitroxide initiator. Finally, the macroinitiator was employed to initiate the polymerization of a coil block (Scheme 1). This 

𝑁 𝐴 = 𝑁 𝐵 + 𝑁 𝐵′ → 2𝑁 𝐷𝑇𝑆 = 2𝑁 𝐷𝐴𝑃 + 𝑁 𝐸𝐺 (1) 
In which NA, NB, NB' represent the mole number of stannate functions and bromide groups pertaining to the DAP monomer and to the end-capping agent respectively. NDTS, NDAP and NEG, define the mole number of DTS and DAP monomers and 4-bromostyrene end-groups (EG), respectively. By following this stoichiometry, the total number of aryl bromides is equal to the total number of aryl stannanes and the formation of chains bearing 4-bromostyrene is Scheme 1: Synthetic methodology for rod-coil block copolymer via the macroinitiator method Chapter 4: Rod-coil block copolymers with water compatibility promoted. The Stille polycondensation was performed under inert atmosphere in dry toluene and followed by the precipitation of the polymer in cold ethanol. The synthetic details are reported in the experimental part (Chapter 5). The polymer was purified by Soxhlet extraction in ethanol to remove impurities such as metallic byproducts, catalysts, ligands and unreacted monomers. Two other Soxhlet extractions were performed in THF and CHCl3. For a question of quantity, two end-functional polymers were obtained by repeating the same monomer feed ratio (initial end-capper molar equivalent NEG = 0.08, Table 1) and were isolated in THF fractions. The final polymers were obtained with good yields (75% and 76%, respectively) and were labelled as P(DTS-DAP)-S. Yields were calculated as the ratio of the THF fraction weight on the theoretical polymer weight. For all the alternating copolymers, the THF fraction was the major fraction (average yield: 75%) and the CHCl3 fraction was considered as the minor fraction. It is also possible that the ethanol fraction contains small chains (i.e. oligomers).

Hence, the chloroform fraction was not employed and not analyzed for the rest of the study.

Indeed, the solubilization of this last fraction was difficult and some characterization techniques

were not possible such as SEC in THF. In addition, the material must be soluble in toluene for the following synthetic steps. Therefore, all the following syntheses and analyses have been performed on the THF fraction which obviously led to a lack of information about the full polymer sample.

1 H NMR was performed to verify the proton structure of the polymers and to calculate the ratio between the repetitive units and the end-group (nDTSDAP/nEG, Table 1). In Figure 1, the Chapter 4: Rod-coil block copolymers with water compatibility 202 6.56, 5.61 and 5.10 ppm coincide with the styrenic protons (e), (f) and (g), respectively. The integral of the proton (g) was compared to the integrals of the proton (d) in order to estimate the nDTSDAP/nEG ratio in the final polymers. In Figure 1, the integral of the protons (d) (Id) is equal to 28 and the integral of the proton (g) (Ig) is equal to 1. Hence, the nDTSDAP/nEG ratio was calculated from the following equation:

𝑛 𝐷𝑇𝑆𝐷𝐴𝑃 𝑛 𝐸𝐺 ⁄ = 𝐼 𝑑 4 ⁄ 𝐼 𝑔 (2) 
The nDTSDAP/nEG ratio was found to be equal to 7 and was reported in Table 1, entry 3. The same calculation was applied to the other alternating copolymer and the corresponding ratio was reported in Table 1, entry 2.

The nDTSDAP/nEG ratio in the final alternating copolymers were also calculated from Carothers equation below and reported in Table 1:

𝐷𝑃 ̅̅̅̅ 𝑛 = 1+𝑟 1+𝑟-2𝑟𝑝 (3) 
In which r is the ratio of monomer groups, and p is the conversion. It should be noted that in this equation, DPn counts the number of DTS + DAP units, so it is twice the number of repeat units n used in the calculation of the number average molar mass Mn. Therefore, Mn can be calculated as follows:

𝑀 ̅ 𝑛 = 𝑀 0 𝐷𝑃𝑛 ̅̅̅̅̅̅ 2 = 𝑀 0 2 1+𝑟 1+𝑟-2𝑟𝑝 (4) 
Where M0 is the molar mass of the repeat unit. When monofunctional reagent (as the endcapping agent) is introduced, the monomer group ratio is defined by the following equation:

𝑟 = 𝑁 𝐴 𝑁 𝐵 +2𝑁 𝐵′ = 2𝑁 𝐷𝑇𝑆 2𝑁 𝐷𝐴𝑃 +2𝑁 𝐸𝐺 = 𝑁 𝐷𝑇𝑆 𝑁 𝐷𝐴𝑃 +𝑁 𝐸𝐺 (5) 
Where the factor 2 relative to NB' enters in the equation because the end-capper reagent has the same effect on the degree of polymerization than a difunctional monomer therefore is two times more effective.

The ratios obtained via 1 H NMR were found to be slightly different compared to the theory. For the polymer analyzed in Figure 1, the nDTSDAP/nEG ratio was estimated to be 7.

Thanks to the Carothers equation, the theoretical DPn of the same polymer was calculated to be 50 (at 100% conversion), corresponding to 25 DTS-DAP repetitive units. Since bromostyrene has been included in the stoichiometry, styrene units should be at both end-chains for a 100% conversion. Therefore, for this polymer, the theoretical nDTSDAP/nEG ratio is around 12 (Table 1). The difference between the theory and the experiment may be due to conversion, since a theoretical conversion of 98.4% leads to a repetitive unit (DTS-DAP) to styrene ratio of 7. The molar masses Mn were calculated from the theory and compared to the molar masses Mn directly calculated from the ratio nDTSDAP/nEG obtained via 1 H NMR with the hypothesis that each chain bore one end-capper. For the alternating copolymer P(DTS-DAP)7-S (entry 3, Table 1), the molar mass Mn, calculated from 1 H NMR, and with the hypothesis that only one styrene is present on the chain, is equal to 7000 g.mol -1 . Theoretically, a molar mass of 24000 g.mol -1 can be reached at 100% of conversion. For all the alternating copolymers, the experimental molar masses deviated from the theoretical ones due to several parameters: the incomplete conversion, the approximation that each chain is monofunctionalized for conversion below 100%, and finally the fact that only the THF fraction was analyzed while the CHCl3 fraction contains the highest molar masses. As it was previously detailed in Chapter 1, high molar masses are difficult to reach in step-growth polycondensation as the conversion increases exponentially with the DPn and full conversions are rarely achieved. The two end-functional alternating copolymers were characterized by size-exclusion chromatography (SEC) in THF equipped with a UV-Visible detector set a λ = 700 nm (Figure 2). Reasonable dispersity values around 1.4 and Mn and Mw from 3600 to 5400 g.mol -1 were calculated from conventional calibration using polystyrene standards. As depicted in Figure 2, both alternating copolymers display the same molar masses due to an incomplete solubility of the polymer chains in THF at room temperature. Indeed, the filter used prior to injection is slightly colored and the longest chains may have been retained. In fact, the macroinitiators present a higher solubility, probably due to the presence of the MAMA-SG1 at the chain ends. Hence, during the precipitation, it is possible that some chains have been solubilized in ethanol and lost, explaining the reduced yields.

1 H NMR was performed to verify the proton structure of the macroinitiators. In Figure 3, the 1 H NMR spectrum of one of the macroinitiator, obtained at 80°C to enhance the solubility of the polymer chains, shows two areas assigned to the thiophene groups: the first zone between The multiplet centered at 3.25 ppm belongs to four aliphatic protons (h) on the phosphonic ester chain ends. The integral of the proton (h) was compared to the integral of the protons (d) centered at 3.63 ppm in order to estimate the nDTSDAP/nEG ratio in the final polymers. The ratios nDTSDAP/nMAMA of the macroinitiators were found to be similar to the ratios nDTSDAP/nEG of the alternating copolymers, meaning that all styrene units have been converted into MAMA-SG1 Scheme 3: Synthetic methodology for nitroxide end-functionalized rod alternating copolymer: a macroinitiator

Chapter 4: Rod-coil block copolymers with water compatibility 206 units. Nevertheless, the superimposition of the 1 H NMR spectra of the styrenic endfunctionalized polymer P(DTS-DAP)5-S and the macroinitiator P(DTS-DAP)5-MAMA-SG1 in Figure 3 shows that the signals at 6.56, 5.61 and 5.10 ppm pertaining to the parent styrene endfunctionalized polymer have not completely disappeared. From this result, we calculated the conversion of styrenic protons into MAMA-SG1 alkoxyamines according to this equation:

𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 = 𝐼 ℎ 4 ⁄ 𝐼 𝑓 1 ⁄ + 𝐼 ℎ 4 ⁄ × 100 = 77 (6) 
Here, it should be emphasized that the integration of the signals at 6.56, 5.61 and 5.10 ppm was difficult to take because of the weak intensity compared to the baseline, and may be overestimated. Therefore, we can conclude that at least 77% of the chains are now functionalized with MAMA-SG1 alkoxyamines. The two macroinitiators were characterized by size-exclusion chromatography (SEC) in THF equipped with a UV-Visible detector set at λ = 700 nm (Figure 4). Dispersity values between 1.6 and 2.25 and Mn and Mw from 6600 to 15500 g.mol -1 were calculated from conventional calibration using polystyrene standards and were reported in Table 2. Generally, molar masses and dispersities of macroinitiators are higher than the ones found for the rod alternating copolymers (also reported in Table 2). We explained it by the enhancement of the solubility of polymer chains thanks to the presence of the MAMA-SG1 alkoxyamines at the chain ends that allows the solvatation of the complete sample in THF. Molar masses obtained by SEC deviate from the ones obtained via 1 H NMR due to the polystyrene calibration. and oligo (ethylene glycol) methacrylate (OEGMA) monomers in order to obtain thermoresponsive polymers. 12,14,15 The use of a controlled radical polymerization is an asset in the synthesis of block copolymers as it makes it more efficient with greater degree of control compared to free-radical polymerizations (FRP). 16,17 For the first batch, a mixture of eDEGA and mOEGA monomers was added in large excess (5200 eq compared to the macroinitiator) to a solution of the nitroxide endfunctionalized macroinitiator P(DTS-DAP)10-MAMA-SG1 in toluene. Since NMP is usually carried out above 110°C, high boiling point solvents are preferred. Here, toluene was the solvent of choice because of its high boiling point (110°C) and it does not contain any chlorine atoms (in comparison with chlorobenzene based solvents), which can lead to transfer in radical polymerization. [18][19][20] However, for the first batch (i.e. 5200 eq of monomer), the solubility of the P(DTS-DAP)10-MAMA-SG1 was poor and a large amount of toluene was needed to achieve an acceptable sample (19 mg in 1.8 mL). Since the volume was important, and in order to keep a suitable concentration of monomer for the polymerization (CmOEGA = 0.8 mol.L -1 and CeDEGA Scheme 4: Synthetic methodology for rod-coil block copolymer via the macroinitiator method Chapter 4: Rod-coil block copolymers with water compatibility 209 = 3 mol.L -1 ), a substantial amount of monomer had to be inserted (around 5200 eq compared to the macroinitiator chains). As seen in Chapter 3, a polymerization temperature of 130°C improves the initiation rate. Hence, the polymerization was performed at this temperature. The polymerization kinetics of the first batch were followed by 1 H NMR by withdrawing samples at predefined times. After calculation of the conversion p by using integral of one of monomer peaks and integral of one of the polymer peak (detailed in Chapter 5), semi-logarithmic kinetic of ln((1-p) -1 ) versus time were plotted in Figure 5 (blue squares). The kinetic plot does not show a strict linear evolution throughout the reaction, thus it is impossible to conclude clearly on the controlled behavior of the polymerization (i.e. the concentration of active propagating species is constant throughout the polymerization balancing the rates of activation and deactivation). 21 Three other copolymerizations were run with two different macroinitiators (P(DTS-DAP)10-MAMA-SG1 and P(DTS-DAP)7-MAMA-SG1) in the same experimental conditions by varying the polymerization time to reduce the coil block length.

The block copolymers were purified by dialysis to remove the free monomers. The mixtures were diluted with THF and dialyzed against deionized water using a regenerated cellulose (RC) membrane (weight cutoff: 2.0 kDa). The final conversions obtained are 21%

(after 250 min of polymerization), 13% (after 60 min), 10% (after 30 min), and 8% (after 15 min) leading to four block copolymers bearing different lengths of the hydrophilic P(eDEGAco-mOEGA) block (see Table 3). 3. In Figure 7, the DOSY NMR spectrum of the rod-coil block copolymer P(DTS-DAP)7-b-P(eDEGA-co-mOEGA)43 shows a zoomed view of the DOSY experiment with the related 1 H spectrum projected on the top. The 1 H NMR spectrum has already been explained above (Figure 6). On the DOSY map, the signals corresponding to P(DTS-DAP) and P(eDEGA-co-mOEGA) blocks seem to be aligned but the vertical axis presents a wide diffusion coefficient with a double population at -10.5 and -10.15 m²/s. This result cannot confirm the formation of a pure block copolymer but rather suggests the presence of a mixture of residual macroinitiator (peak at -10.15 m²/s) and block copolymer (peak at -10.5 m²/s). In this specific sample, there is also a peak at -9.5 m²/s which is related to residual monomer. Another purification step has been performed to remove it.

The four rod-coil block copolymers were characterized by size-exclusion chromatography (SEC) in THF equipped with a UV-Visible detector set at λ = 700 nm (Figure 8). Dispersity values between 2.2 and 3.2 and Mn and Mw from 7000 to 25000 g.mol -1 were calculated from conventional calibration using polystyrene standards and are reported in Table 3.

On the obtained chromatograms, we can observe a bimodal distribution. This result is Yet, the shoulders are more intense for these three block copolymers. This result may be related to slow initiation since the polymerization time and conversion were smaller in these cases. It was expected to observe an increase of the molar masses with the length of the coil blocks. Yet, the Mn and Mw of the block copolymers were almost identical although the coil block lengths, calculated from 1 H NMR, were different. This phenomenon is called the abnormal co-elution effect and can occur when ultrahigh molar mass and/or comb/branched polymers are analyzed by SEC. 22 For this type of macromolecules, the SEC separation is often disturbed leading to a late elution at high elution volume and an overlaying with lower molar mass polymers and smaller molecules. 23 Our block copolymers, which contain pendant polyethylene oxide chains, present a comb topology. This abnormal exclusion behavior observed may be explained by a partial entanglement for large macromolecules and limited diffusion of large chains in an out of the SEC pores. In the literature, it is reported that this phenomenon is influenced by the type of SEC column and the flow rate. 24 Hence, one solution to tackle this problem could be the analysis of the block copolymers through high-temperature asymmetrical flow field-flow fractionation (HT-AF4) due to the absence of an obstructing porous stationary phase.

As reported in Chapter 1, it is a challenge to separate alternating copolymers from block copolymers. We could have tried a purification via Soxhlet extraction in a proper solvent, like in Chapter 3, in which the P(DTS-DAP) is insoluble but the block copolymer is soluble.

Unfortunately, due to lack of time, we have not been able to purify the block copolymers. a based on 1 H NMR; b measured by SEC with a UV-Visible detector at 700 nm, Mn and Mw were calculated from conventional calibration using polystyrene standards.

In this first part, four rod-coil block copolymers were synthesized via the macroinitiator method and are detailed in Table 3. The advantage of this methodology is the synthesis and characterization of a well-defined end-functionalized low band-gap polymer prior to produce block copolymer. The use of a nitroxide macroinitiator is advantageous to perform the polymerization of the second block via NMP. The installation of such nitroxide at the chain end of a low band-gap polymer was possible thanks to the intermolecular radical 1,2 addition which avoid numerous synthetic steps. Different sizes of coil block could be reached, even short, despite the introduction of monomers in large excess. The use of such high equivalent number of monomers was dictated by the relatively poor solubility of the macroinitiator in toluene.

The main limitation of this methodology is the difficulty to purify the rod alternating copolymer that has not initiated the polymerization of the eDEGA and mOEGA monomers.

2) Synthesis of rod-coil block copolymers via the macro end-capper copolymerization method

In this second synthetic strategy, a statistical coil copolymer of P(eDEGA-co-mOEGA)

was synthesized with a specific initiator molecule. The copolymer was then modified at its chain end by a bromination reaction. Finally, the brominated coil copolymer was employed as a macro end-capper in the polycondensation of the low band-gap rod block. This synthetic strategy is similar to the one described in Chapter 3, but the nature of the coil block is different. The statistical coil copolymer labelled as P(eDEGA-co-mOEGA)-MAMA-SG1 was purified by dialysis to remove free monomers. The mixture was diluted with ethanol and dialyzed against deionized water using a regenerated cellulose (RC) membrane (weight cutoff:

2.0 kDa).

The final material was analyzed by 1 , where p represents the overall monomers conversion, versus time for eDEGA and mOEGA copolymerizations via NMP (g) (Ig) or thanks to the integral of the proton (j) of the SG1 chain end (Ij), the degree of polymerization DPn can be calculated following this equation:

𝐷𝑃 𝑛 = 𝐼 𝑎 2 ⁄ 𝐼 𝑔 2 ⁄ = 𝐼 𝑎 2 ⁄ 𝐼 𝑗 1 ⁄ = 50 = 𝐼 𝑑 (7) 
The final composition of the statistical copolymer can also be deduced from the 1 H NMR spectrum. The fraction of mOEGA can be estimated by comparing the integral of the protons (c) and (a) (Ic and Ia) following this equation:

𝑓 𝑚𝑂𝐸𝐺𝐴 = 𝐼 𝑐 3 ⁄ 𝐼 𝑎 2 ⁄ = 0.20 (8) 
The fraction of eDEGA in the copolymer can be deduced from this result by this equation:

𝑓 𝑒𝐷𝐸𝐺𝐴 = 1 -𝑓 𝑚𝑂𝐸𝐺𝐴 = 0.80 (9) 
Hence, experimental molar fractions estimated from the 1 H NMR spectrum are in agreement with the feed ratio. The statistical coil copolymer was characterized by size-exclusion chromatography (SEC) in THF equipped with a RI detector (Figure 12). A dispersity of ~ 1.25 was calculated (against calibration using polystyrene standards) indicating good control of the polymerization which is expected when using NMP. 25,26 The SEC results are reported in Table 4. The DPn calculated from the 1 H NMR was chosen for the rest of the study as the DPn extracted from the SEC results is less accurate due to the polystyrene calibration. The phenyl end-functionalized coil copolymer was brominated in order to functionalize the copolymer with a bromine function at the chain end in presence of K10-montmorillonite (Scheme 7). The functionalization reaction was conducted according to previous work reported by Ouhib 27 and Venkatachalapathy et al. 28 and in the same conditions as in Chapter 3. A solution of P(eDEGA-co-mOEGA) (1 eq) in CCl4 was mixed with the clay and bromine (1 eq) The bromination was expected to occur with regioselectivity on the aromatic ring (parasubstitution) as a heterogeneous catalyst (i.e. clay mineral also called K10-montmorillonite) was employed. Actually, such catalysts are well-known for their high catalytic activity, versatility, and selectivity. 29,30 After an overnight reaction, the brominated polymer was purified by filtration and washing with diethyl ether and chloroform. The brominated coil copolymer labelled as P(eDEGA-co-mOEGA)50-MAMA-SG1-styrene-Br was dried and obtained with good yield (63%).

The 1 H NMR was performed in C2D2Cl4 to confirm the bromination on the aromatic ring. In Figure 13, the spectrum shows a large peak at 4.27 ppm corresponding to the two aliphatic protons (a) in α position of the ester function of acrylates. Another peak centered at 

In the end, 51% of the polymer chains were successfully brominated. Despite repeating this post-polymerization step, the functionalization yield was not increased. Since the brominated and non-brominated polymer chains have the same solubility, no purification could be performed to separate the two different copolymers. Moreover, we already obtained rod-coil block copolymer with short coil blocks via the macroinitiator method thus, we decided to not perform the next step synthesis (i.e. the macro end-capping copolymerization).

Figure 13: 1 H NMR spectrum of the bromine end-functionalized coil copolymer P(eDEGAco-mOEGA)50-MAMA-SG1-styrene-Br (400 MHz, C2D2Cl4) (inset "before bromination" is taken from the spectrum present in Figure 11)

C2H2Cl4

3) Optical and photothermal properties a. Optical properties Optical properties of the materials described in this chapter were studied by UV-Visible spectrophotometry. First, the UV-Visible absorption spectra of the rod alternating copolymers (described in II.1)a.) were measured in chloroform. In Figure 14a, both absorption spectra present the same shape with two characteristic absorption peaks, which is a feature commonly observed for alternating donor-acceptor copolymers. 31 Both spectra show an absorption band between 400 and 560 corresponding to a π-π * transition along the polymer backbone with λmax around 480 nm. As already detailed in Chapter 3, the presence of alternating monomers with different electronic levels in the polymer leads to the production of a transition assigned to an intramolecular charge transfer (ICT) between the donor and the acceptor monomers. 32 This phenomenon is observed on both spectra where a second absorption band appears at 875 nm and 865 nm for the P(DTS-DAP)10-S and the P(DTS-DAP)7-S, respectively. Unfortunately, the samples have not been analyzed by Visible-NIR spectrophotometry, thus the absorption spectra are not complete. Hence, the maximum of the ICT band could have not been determined for the two rod copolymers. Moreover, no red shift could be observed to conclude on the possible aggregation phenomenon. Nevertheless, the number-average degree of polymerizations of the rod copolymers are comparable to those of the rod copolymers obtained in Chapter 3. Therefore, the absorption spectra of the copolymers should be similar to those of the copolymer obtained in Chapter 3 (Figure 14b). Then, the Visible-NIR absorption spectra of the rod-coil block copolymers (described in II.1)c.) were measured in chloroform, since both blocks are well soluble in this solvent. The spectra, presented in Figure 15, have been normalized considering the maximum absorption of the π-π * transition band of each material.

Since the coil block does not absorb in the 350-1300 nm spectral range, the absorption spectra seen in Figure 15 largely reflect the conjugated rod block in the block copolymers. 33 Concerning the ICT bands of the block copolymers, they present different maximum absorption wavelength but, since the spectra are not complete, no shoulder could be observed. relatively weak and the interchain interactions among the rod block are reduced by incorporating the coil block. 34,35 Two block copolymers were analyzed by Visible-NIR spectrophotometry in chloroform and in deionized water. Molar extinction coefficients ε were calculated using Beer-Lambert's law in the concentration range from 0.004 mM to 0.019 mM. The determination of the molar extinction coefficients ε was based on the block presenting a Visible-NIR absorption (i.e.

playing the role of the "chromophore"). 36 The coefficients were calculated from the molar concentration Cn obtained from the following equation:

𝐶 𝑛 = 𝐶 𝑚 𝑃(𝐷𝑇𝑆-𝐷𝐴𝑃) 𝑀 0 = 𝑤 𝑃(𝐷𝑇𝑆-𝐷𝐴𝑃) ×𝐶 𝑚 𝑐𝑜𝑝𝑜 𝑀 0 (11) 
where M0 corresponds to the molar mass of the repetitive unit DTS-DAP of the rod copolymers and Cm P(DTS-DAP) to the mass concentration of the rod copolymers calculated by multiplying the mass fraction wP(DTS-DAP) (obtained via 1 H NMR and reported in Table 5) by the mass concentration of the block copolymers Cm copo. The corresponding spectra are shown in Figure 16. The maxima molar extinction coefficients ε are reported in and vary between 1.31 and 1.11.10 4 L.mol -1 .cm -1 for the π-π * transition bands and between 1.04 and 3.65.10 4 L.mol -1 .cm -1

for the ICT bands.

In chloroform, the spectra of the rod-coil block copolymers present three absorption bands with maxima at 470 nm, 845 nm, and 950 nm attributed to π-π transition, ICT, and πstacking, respectively. Accordingly, the spectrum of the corresponding rod copolymer presents two absorption bands with maxima at 470 nm, 845 nm, and 940 nm attributed to π-π transition, ICT, and π-stacking, respectively. For the three materials, the π-π transition and ICT bands are similar. Nevertheless, the π-stacking bands of the rod-coil block copolymers and the corresponding rod copolymer are different with maximum absorptions varying in position (wavelength) and intensity (molar extinction coefficient). Indeed, the λmax of the π-stacking bands of the block copolymers are red shifted of about 10 nm compared to the rod copolymer.

Hence, the π-stacking phenomenon is less important for the rod copolymer than the rod-coil block copolymer. In addition, the molar extinction coefficients of the π-stacking bands for block copolymers are higher than that of the rod copolymer. The same observation was made for the molar extinction coefficient of the π-π * transition bands.

In water, the spectrum calculated on the molar extinction coefficients for the rod copolymer was not done since it was not soluble in water. However, for the block copolymers, the spectra in water were different from those in chloroform. They present three absorption bands with maxima at 495 nm, 830 nm, and around 975 nm attributed to π-π transition, ICT, and π-stacking, respectively. Both block copolymers showed similar absorption profiles with similar band intensities. However, the λmax of the π-stacking band of the block copolymer P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)400 is red shifted by about 20 nm compared to the block copolymer P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)740. This result could be explained by the mass fraction of chromophore which is higher for the P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)400.

Thus, the absorption spectra are not identical in both solvents. This result suggests that the ground-state electronic structures of the block copolymers are affected by the solvent. 37 In order to better understand the influence of the solvent on the absorption of the block copolymers, we superimposed the absorption spectra of each material in water and in chloroform in Figure 17. The first noticeable thing is the diminution of the ICT and the πstacking bands intensities in water compared to those in chloroform. As a consequence, in water, the intensities of the ICT and the π-π * transition bands are quite similar, whereas, in Figure 16: Superimpositions of the Visible-NIR absorption spectra of the rod-coil block copolymers in water and in CHCl3 and their corresponding rod copolymer in CHCl3 chloroform, the contribution of ICT is three times more important than the contribution of π-π * transitions. This result is characteristic of supramolecular organization 38,39 and could be explained by different conformations of the block copolymer in the different solvents.

Chloroform is a good solvent for both blocks of the copolymer but water is a selective solvent for the coil block. Hence, it is expected that the block copolymer forms unimers in chloroform and self-assembles into objects like micelles in water.

Thus, in water, the amphiphilic nature of the block copolymer (the rod block is hydrophobic and the coil block is hydrophilic) must induce self-assembly with nano-object presenting a rod core and a coil shell. Hence, in water, the ICT and π-stacking bands are reduced which could be explained by the H-type aggregation of rod blocks, not to the change in the effective conjugation length upon aggregation. 40,41 In addition, we still have to determine if the coil shell could have an impact on the light intensity effectively absorbed by the core, by some interactions with light. On the contrary, in chloroform both blocks are soluble and the copolymer spectrum presents a profile similar to the one of the rod parent. The photothermal performances of one rod copolymer and two block copolymers were studied in different solvents. First, several solutions of the rod copolymer P(DTS-DAP)10 at different concentrations (from C = 0.1 to 1 g/L) in toluene were irradiated with a NIR-I laser (λIR = 808 nm) with a power density fixed at 0.70 W.cm -2 for 15 minutes. Toluene was chosen because its boiling point is high (110°C) and it will not suffer significant volume variation upon heating. As shown in Figure 18, the temperature of the solutions rapidly increased in contrast to pure toluene that showed insignificant changes under the same irradiation conditions. A hightemperature increase of average 30°C has been detected for all the solutions within 15 min. The difference between the initial and the final temperatures of the solutions is not significantly influenced by tuning the rod copolymer concentration in this range of concentrations. For instance, the temperature of the solution at C = 0.1 g/L increased by 28°C while the temperature of the solution at C = 1 g/L increased by 32°C. Multiple cycles of laser irradiation were conducted to investigate the photothermal stability and reversibility of the block copolymers. After four heating/cooling cycles, the changes in temperature were consistent, as depicted in Figure 21. These experiments confirmed that the block copolymer presenting the highest chromophore P(DTS-DAP) content (i.e. the shortest coil block) displays better photothermal performance than the other block copolymer.

Moreover, we concluded both block copolymers have stable and reversible photothermal properties with good photothermal conversion. in chloroform. This difference may be attributed to the lower absorption at 800 nm of the copolymer in water than in chloroform as demonstrated in Figure 17.

Multiple cycles of laser irradiation were conducted to investigate the photothermal stability and reversibility of the block copolymers in water. After four heating/cooling cycles, the changes in temperature were consistent, as depicted in Figure 23. These experiments confirmed that the block copolymers display similar photothermal performances. Moreover, we 

4) Study of the nano-objects in water

The amphiphilic block copolymers, bearing a hydrophilic P(eDEGA-co-mOEGA)

block and a hydrophobic P(DTS-DAP) block, should be able to self-assemble in water within aggregates exhibiting various morphologies (such as spheres, cylinders, vesicles). [42][43][44] We expected that in water the non-polar hydrophobic rod segments self-assembled, in order to avoid contact with water, by forming a core domain stabilized by a shell formed by the hydrophilic block (here the P(eDEGA-co-mOEGA)). The morphology of the object formed by amphiphilic block copolymers in water is based on the hydrophilic/hydrophobic volume ratio. It was formulated by Discher et al. that aggregate morphology can be predicted based on the volume fraction of the hydrophobic block, which is related to the molar mass of the hydrophobic block. 45 Hence, spheres are expected when the ratio of the molar mass of the hydrophobic segment on the molar mass of the hydrophilic segments is below 50/50. Above this ratio, the aggregates tend to form cylinders until a ratio of 75/25 where the aggregates take a vesicular morphology. 45 Considering the hydrophobic/hydrophilic ratio of the studied block copolymers, with much longer hydrophilic moieties, we could expect a spherical morphology of the aggregates formed in water. 46 However, interactions between the conjugated hydrophobic moieties could occur by -stacking, hence a cylindrical morphology could also be obtained. Through experimentation, these parameters are accessible using several characterization techniques, mainly scattering methods and microscopy, in order to determine the morphology of the aggregates formed in solution. 47,48 The Rg and Nagg are measured by static light scattering (SLS), while Rc can be determined from small-angle X-ray scattering (SAXS) or small-angle neutron scattering (SANS) measurements and by transmission electron microscopy (TEM, CryoTEM). The Rh can be measured by dynamic light scattering (DLS).

In our laboratory, two techniques are available: SLS and DLS. First of all, we can see that before filtration the autocorrelation function (Figure 25c) measured by DLS is not well-defined (shoulder at high time values) and leads to several size distributions (Figures 25a and25b) indicating the presence of multiple populations of scatterers, probably due to the presence of non-soluble objects. These multiple populations could also be due to the presence of residual macroinitiator, which is not soluble in water (see Section II. 1) c)). Therefore, the solution was filtered and analyzed by DLS. After filtration, we observe that the autocorrelation function looks more accurate (Figure 25f) and leads to less size distributions (Figures 25d and25e). Two populations can then be observed when looking at the intensity size-distributions (Figure 25d) one at 14 nm and another at 105 nm. It must be realized that light scattering is sensitive to z-average sizes that is to large particles. Thus, although the population of larger particles is overwhelming in terms of scattered light intensity (Figure 25d), their volume fraction is negligible compared to the smaller aggregates (Figure 25e). Moreover, the autocorrelation function after filtration is well-defined (intercept closer to 1, no shoulder).

We hypothesized that the direct dispersion of the block copolymer in water could lead to aggregation of the particles, due to hydrophobic interactions between the particles, which cannot be solubilized in water. Hence, another preparation method was considered in order to optimize the dispersion of the aggregates. The block copolymer P(DTS-DAP)10-b-P(eDEGAco-mOEGA)740 was first solubilized in a minimum of THF and the water was introduced dropwise to the solution under vigorous stirring. Then, the THF was removed by evaporation.

The self-assembling behavior of a solution prepared at C = 1 g/L was then investigated by means of DLS, again before and after filtration on a 0.45 μm PFTE filter. results. The copolymer seems to form micelle-like aggregates in water, exhibiting a hydrophobic core of P(DTS-DAP) and a hydrophilic shell of P(eDEGA-co-mOEGA).

However, we faced the difficulty to prepare homogeneous dispersed particles in water, probably due to the high hydrophobicity of the hydrophobic conjugated P(DTS-DAP) block leading to some interparticles aggregation, but also due to the presence of residual hydrophobic macroinitiator. Thus, a deeper characterization should be performed such as: i.

Studying other ways of preparation. The co-solvent method appears to be the most promising, thus we could consider to prepare a solution of the copolymer in THF that will be added dropwise into water or also added in one time;

ii.

Studying the aqueous dispersion also by SLS in order to determine Rg and Nagg;

iii.

Performing TEM or CryoTEM in order to determine the morphology of the aggregates formed; iv.

Trying to purify the copolymer from the residual macroinitiator.

III. Conclusion

In this chapter, we employed two synthetic methods to yield amphiphilic rod-coil block copolymers with photothermal properties that could self-assemble into micelle-like aggregates in water. Such macromolecules were successfully obtained using the macroinitiator method.

The main advantage of this technique is the synthesis and characterization of a well-defined end-functionalized low band-gap polymer prior to producing block copolymer. Another advantage of this methodology is the use of a nitroxide macroinitiator to control the polymerization of the coil block via NMP. However, this technique presents a drawback: the difficulty of purification of the residual macroinitiator that has not initiated the polymerization of the coil block. Therefore, we employed the macro end-capper copolymerization method, as in Chapter 3, to produce block copolymer with less purification steps. Unfortunately, this synthetic methodology was unsuccessful: the bromination yield of the coil block, prior to use it in the macro end-capper copolymerization, was too low. Hence, we did not perform this second synthetic method.

UV-Visible and Visible-NIR spectrophotometries were employed to study the optical properties of the materials obtained in this chapter. It was found that the block copolymer did not present the same optical spectra depending on the solvent used due to their amphiphilic properties: the ICT absorption band was shifted toward lower wavelengths while the two absorption bands (π-π transition and π-stacking) were red-shifted in water. Moreover, the contribution of each band was quite similar in water whereas the contribution of the ICT band was more important than the contribution of π-π * transition band in chloroform. Hence, the block copolymer presents different conformations in the different solvents.

We studied the photothermal properties of the materials under different parameters and in different solvents to study their influence. Interesting photothermal performances were measured for the rod copolymer and the block copolymers in organic solvents and in water.

The materials were found to have stable and reversible photothermal properties with good photothermal conversions. Finally, the nano-objects in water were studied by DLS and we showed that the block copolymers self-assemble in water within micelle-like aggregates formed by a hydrophobic core of P(DTS-DAP) and a hydrophilic shell of P(eDEGA-co-mOEGA). We also showed that the preparation method is very important for the formation of soluble particles but a deeper study need to be conducted by using more techniques (SLS, TEM, CryoTEM) in order to characterize the morphology of the obtained objects.

General conclusions and outlook

The main goal of this work, which was the chemical design and synthesis of novel materials based on low band-gap polymers absorbing in the near infrared region, was successfully performed. We aimed at incorporating low band-gap polymers into rod-coil block copolymers to broaden their applications from optoelectronic devices to biological applications. Indeed, rod-coil block copolymers exhibit better solubility useful for improving the processing of active layers of solar cells and present self-assembly properties which are particularly interesting for applications in the biomedical field.

In Chapter 1, we presented organic near-infrared materials and their applications, the chemistry design approaches to tune the bandgaps of conjugated polymers, and polycondensation. The essential key to the success of our mission mainly concerned the choice of synthetic strategy to end-functionalize low band-gap polymers in order to broaden the range of their possible applications. This choice was based on the results of the literature review. The grafting methodology, used to anchor low band-gap polymers on surfaces, was also selected according to this literature report. After an attentive study of the synthetic strategies available to synthesize block copolymers involving a low band-gap block, we chose two synthetic routes to employ in this manuscript: the macroinitiator and the macro endcapper copolymerization methods. Therefore, we were able to synthesize novel materials based on low band-gap polymers absorbing the desired wavelength range (650-1000 nm).

Chapter 2 focused on the study of the end-functionalization of a low band-gap polymer and the influence of the stoichiometry of the end-capping molecule on the chain lengths. Triethoxysilane and catechol terminated macromolecules were successfully obtained and grafted onto ZnO nanospheres. The surface morphology of such hybrid materials was anchoring agent dependent. Indeed, cross-linked aggregates of nanoparticles were obtained with silane functionalized polymers while well-dispersed core-shell particles were synthesized with catechol functionalized polymers. The photoluminescence of these patchy particles was studied and showed an electron transfer from polymer to zinc oxide. Finally, hybrid materials were introduced in the active layer of inverted solar cells and photovoltaic performance was found to be really weak. In order to understand these poor efficiencies, it could be interesting to study the photoluminescence properties of the thin films and to measure the charge mobilities of the material.

In Chapter 3, we described the synthesis of rod-coil block copolymers based on an IRabsorbing block and a filmogenic coil block via two synthetic methods: the macroinitiator and the macro end-capper copolymerization methods. It appeared that the macroinitiator technique was more efficient than the other one and presented a major advantage: access to the synthesis and characterization of a well-defined end-functionalized low band-gap polymer prior to use it as a macroinitiator in the synthesis of the coil block. However, this method was not efficient to reach short coil blocks and the use of the macro end-capper copolymerization method led us to more homogeneous sizes of the rod and the coil blocks. Yet, this technique produced a mixture of block copolymer and low band-gap polymer. The spectrophotometric study of the materials in solution showed that the introduction of a filmogenic block enhanced the overall solubility of the block copolymer by reducing the π-stacking phenomenon. Same observations were made in solid state. Through DSC experiments, it was found that the rod alternating copolymer and a block copolymer with short coil chains presented liquid crystalline behavior.

A detailed structural analysis was conducted by means of GIWAXS and these two materials showed lamellar structure with an edge-on orientation. In order to confirm the liquid crystalline behavior of these materials, it could be interesting to observe their corresponding thin films under a polarized optical microscope. Finally, it could be interesting to use these materials as filmogenic additive in the elaboration of organic infrared photodetectors.

Chapter 4 was directed towards the synthesis of rod-coil block copolymers based on an IR-absorbing hydrophobic block and a hydrophilic biocompatible block via the macroinitiator method. This efficient technique led to the creation of short coil blocks, yet it showed a drawback: the difficult purification of the macroinitiator that has not initiated the polymerization of the coil block. The spectrophotometric study of the materials in solution in different solvents showed that the ground-state electronic structures of the block copolymers were affected by the solvent. This result suggested that the block copolymer formed different conformations depending on the choice of the solvent due to its amphiphilic nature. Through DLS experiments, it was found that the block copolymer formed micelles in aqueous solutions. Photothermal properties of the block copolymers were assessed under different parameters and in different solvents and interesting photothermal performances were measured. In the future, it could be interesting to study the impact of the coil shell on the light intensity absorbed by the core, and thus on photothermal properties of the material. In order to determine the exact morphology of the self-assembled the block copolymers, more investigations are needed especially via static light scattering and transmission electron microscopy.

In this PhD work, novel materials as block copolymers based on low band-gap block absorbing in near infrared were obtained. This research work showed the potential of these low band-gap polymers concerning their synthesis, grafting onto inorganic surfaces, and use in rod-coil block copolymers and opened broad prospects for the future. Yet, synthetic efforts must be made in order to better control the polymerization of the coil block in the macroinitiator method and to reduce the amount of residual homopolymer in the final product to avoid a last purification step. It could be interesting to replace the MAMA-SG1 initiator by the TIPNO initiator (2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide) at the chain ends of the rod alternating copolymer in order to improve the polymerization of the coil block. In addition, the monomer of the coil block could be changed to vary the different possible applications.

Conclusions générales et perspectives

Le but principal de ce travail, qui a consisté en la conception chimique et la synthèse The polymer was dried under vacuum to afford a dark blue solid, with a yield of 66%. 

e. ZnO NPs synthesis

The ZnO nanoparticles synthesis method was adapted from Seow et al. 3 Briefly, zinc acetate dihydrate (0.87g, 3.35 mmol) was first dissolved in methanol (31.25 ml) while a methanolic potassium hydroxide solution was prepared by dissolving potassium hydroxide (0.37 g, 6.59 mmol) in 16.25 ml of methanol. This potassium hydroxide solution was added dropwise under vigorous stirring into the zinc acetate solution, pre-heated to 60°C. After 1.5h, the NPs started to precipitate leading to a turbid solution, which was maintained as such for 2 more hours. The heater and stirrer were then removed and the solution was allowed to stand at room temperature for another 2h. The ZnO nanoparticles settled at the bottom; the supernatant was removed and the precipitate was collected by centrifugation at 9000 rpm with methanol for 20 min. and washed 3 times with methanol. The precipitate was then dispersed in 12.5 ml of methanol and 2.5 ml of chloroform. Samples were withdrawn at predefined times for determination of the conversion through 1 H NMR analysis. To end the polymerization, the flask was placed into an ice/water bath and the mixture was diluted with THF and dialyzed with deionized water using a regenerated cellulose (RC) membrane (weight cutoff: 2.0 kDa). The polymer was passed into a freezedrier during 3 days to remove water traces. After complete evaporation of water traces, the polymer was dissolved into a minimum amount of ethanol and transferred in a small glass vial. The final product was dried under vacuum to afford 50 mg (yield 72%) of a transparent sticky dough. 
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  Polycondensation is presented from theoretical considerations based on Carothers work and practical methodologies are introduced among which Stille polycoupling is one of the most widely used. Moreover, low band-gap polymers can be end-functionalized to broaden the range of their possible applications and we detailed several examples of end-functionalized low bandgap polymers. Hence, new materials can be generated with notably hybrid materials. Different grafting methodologies were briefly reviewed supplemented by some examples of low bandgap polymers attached to surfaces. Finally, different synthetic strategies to synthesize block copolymers involving low band-gap polymers are highlighted. Several examples of rod-rod block copolymers involving two different conjugated blocks and rod-coil block copolymers involving a low band-gap block and a non-conjugated block presenting a coil conformation are developed. In Chapter 2, the aim is to understand and master the end-functionalization of conjugated polymers with different small molecules. In addition, the influence of the stoichiometry of the end-capper on the length of the chains is studied. Hence, we demonstrated a novel and efficient grafting strategy to anchor a low band-gap polymer poly[(4,4′-bis(2-ethylhexyl)dithieno-[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-(2,1,3benzothiadiazole)-4,7-diyl] P(DTS-BT) onto ZnO nanospheres in a one-step procedure via grafting onto technique to create a macromolecular self-assembled monolayer. By reducing the grafting density, patchy particles are obtained in which both polymer and metal oxide surfaces can be reached by electrons and holes.
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 111211 photovoltaïque organique.

Figure 1 :

 1 Figure 1: Wavelength range between ultraviolet (UV) and beginning of near-infrared (NIR)

18

 18 Figure4: a) chemical structure of a dinuclear ruthenium complex and b) its corresponding absorption spectra in solution15 ; c) chemical structure of a multi-nuclear metallodithiolene complex oligomer and d) its corresponding photos and absorption spectra in film16 ; e) chemical structure of a polymer backbone decorated with ruthenium side chains.18 

Figure 5 :Figure 6 :

 56 Figure 5: Scheme of the working principle of an organic solar cell

  photodetector based on a polymer with a band-gap of 1.3 eV and a photoresponse peak at 1000 nm or Perzon et al. with a device based on a new polymer with a band-gap around 1 eV and a response up to 1200 nm.59 More recently, London et al. synthesized a low band-gap donoracceptor polymer presenting a band-gap of 0.74 eV with a photoresponse up to 1650 nm but with poor film quality and EQE.60 Concerning low band-gap small molecules used in NIR photodetectors, Qi et al. studied two D-A-D low band-gap small molecules based on bis(2thienyl)-N-alkylpyrrole (TPT) and thieno[3,4-b]thiadiazole (TTa) with band-gaps around 1.3

of 0 .

 0 95 cm²/V.s. Contrary to Giovannitti's group, Matsidik et al. prepared a low band-gap polymer based on naphthalene diimide units (NDI) and 2T units showing only electron mobilities up to 3 cm²/V.s. 67 One very good example of well-balanced high hole and electron mobilities is the work of Lee et al. with the successful synthesis of a diketopyrrolopyrroleselenophene D-A copolymer decorated with siloxane side-chains and showing low band-gap features. 68 Concerning low band-gap small molecules, Ozdemir et al. built two D-A-D small Chapter 1: Materials absorbing in the near infrared region and their innovative applications molecules based on indeno[1,2-b]fluorene-6,12-dione (IFDK) and indeno[1,2-b]fluorene-6,12diylidene dimalononitrile (IFDM) acceptor units and α-substituted bithiophene donor units presenting low band-gaps (1.21 and 1.65 eV) with reasonably balanced electron and hole mobilites.69 

Figure 7 :

 7 Figure 7: Advanced photoacoustic imaging applications depending on organic molecule based nanoparticles. Adapted from Jiang et al.[START_REF] Jiang | Advanced Photoacoustic Imaging Applications of Near-Infrared Absorbing Organic Nanoparticles[END_REF] 

Figure 8 :

 8 Figure 8: Preparation of donor-acceptor conjugated polymer SP2 and schematic illustration for preparation of nanoparticles SPN-II via nanoprecipitation method.Adapted from Jiang et al.[START_REF] Jiang | Broadband Absorbing Semiconducting Polymer Nanoparticles for Photoacoustic Imaging in Second Near-Infrared Window[END_REF] 

Figure 9 :

 9 Figure 9: Schematic illustration of PBDPI-TPP nanoparticles for mitochondra-targeting NIR imaging photodynamic therapy. Adapted from Yuan et al. 102

Chapter 1 :

 1 Materials absorbing in the near infrared region and their innovative applications 40 Kobayashi et al. were the first to report the synthesis of a low band-gap poly(isathianaphtene) (PITN) by using the fused-ring approach. Actually, fusing a benzene ring to a thiophene enhanced the quinoidal nature of the polymer backbone and the band-gap reached 1 eV (Figure 12 left side). 121 After this successful synthesis, many low band-gap polymers were developed with the fused ring approach. 122 Liang et al. synthesized a polymer called PTB1 and achieved a band-gap of 1.62 eV by fusing thienothiophene (TT) moieties that are now wellknown for stabilization of the quinoidal structure (Figure 12 center). 123 More recently, Osaka et al. fused two benzothiadiazole (BT) to one naphthobisthiadiazole (NTz) to a low band-gap polymer (PNTz4T) with a band-gap of 1.54 eV (Figure 12 right side). 124 b. Donor-acceptor polymers Another way to fine-tune the band-gap of conjugated polymers is the use of donoracceptor interactions by alternating electron-donating (D) and electron-withdrawing (A) units on the polymer backbone.125 This type of polymer is called "D-A" conjugated polymer where the HOMO of the donor segment interacts with the HOMO of the acceptor segment to create two new energy levels (same mechanism is observed for the LUMOs).126 This mechanism is

Figure 11 :

 11 Figure 11: Aromatic vs quinoid resonance structures. Adapted from Rasmussen et al. 119

Figure 12 :

 12 Figure 12: Chemical structures of some fused heterocycle-based low band-gap polymers. Adapted from Kobayashi et al. 121 , Liang et al. 123 , and Osaka et al. 124

  Among these strong acceptors, the quinoxaline (Qx) is particularly interesting as it presents strong quinoid characteristics. Chochos et al. designed D-A1-D-A2 low band-gap polymers containing the DPP unit as first acceptor (A1) and varying the second acceptor

Figure 13 :

 13 Figure 13: Hybridization of the energy levels of the D-A copolymer. Adapted from Li et al. 125

Figure 14 :

 14 Figure 14: Chemical structures of some strong donor monomers (upper line) and strong acceptor monomers (bottom line).

Figure 15 :

 15 Figure 15: Schematic representation of the step-growth polymerization of AB-monomers and AA/BB monomers. Adapted from Koltzenburg et al. 135

Figure 16 :

 16 Figure 16: Dependence of the number average degree of polymerization on conversion for a step-growth polymerization. Adapted from Koltzenburg et al. 135

Figure 17 :

 17 Figure 17: General equation of a cross-coupling polymerization

Figure 18 :Figure 19 :

 1819 Figure 18: Schematic representation of the AA/BB Stille polycondensation

Figure 20 :

 20 Figure 20: Schematic representation of the end-functionalization through molecular endcapper in Stille/Suzuki polycondensations.

Figure 21 :

 21 Figure 21: Syntheses scheme for PPP bi-functional macroinitiator and PNIPAAm-b-PPP-PNIPAAm block copolymers. Adapted from Schmücker et al. 159
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Wang

  et al. enhanced the optical properties of a D-A conjugated polymer based on bithiophene (bT) and diketopyrrolopyrrole (DPP) units by end-capping it with quinoxalino[2,3b']porphyrin (QP). They employed a one-step strategy via Stille polycondensation and obtained

Figure 22 :

 22 Figure 22: a) Syntheses scheme for several polymers with various end-capping reagents. b)Representative MALDI-ToF mass spectra of some corresponding end-functionalized polymers. Adapted from Harris et al.162 

Figure 23 :

 23 Figure 23: Chemical structures of end-functionalized conjugated polymers via the molecular end-capper technique: a) 159 in Suzuki polycondensation b) 162 , c) 163 and d) 164 in Stille polycondensation.

Koldemir

  et al. successfully synthesized an end-capped D-A conjugated polymer based on dithienogermole (DTG) and benzothiadiazole (BT) by playing with stoichiometry and

Figure 24 :

 24 Figure 24: Schematic representation of the in situ end-functionalization in Stille/Suzuki polycondensation where the AA monomer is introduced in slight stoichiometric excess

Figure 25 :

 25 Figure 25: a) Synthesis scheme for end-functionnalization of P(DTG-BTD) with 4iodotoluene. b) Representative MALDI-ToF mass spectra of the corresponding endfunctionalized polymer. Adapted from Koldemir et al. 165

Figure 26 :

 26 Figure 26: XPS spectra of a) Br 3d and b) Sn 3d5/2 for the non-functionalized polymer P1 (blue) and the functionalized polymer P2 (red). Adapted from Park et al. 166

4-bromostyrene and 4 -

 4 vinylphenyl boronic acid molecules that are not covalently linked to the polymer backbone. 169 More recently, Aivali et al. modified the chain ends of a carbazole-based low band-gap polymer made via Suzuki polycondensation thanks to the in situ method. At the end of the subsequent polymerization, they added 4-vinylphenylboronic acid and

Figure 27 :

 27 Figure 27: Chemical structures of end-functionalized conjugated polymers via the in situ termination: a), b) in Stille polycondensation 165-167 c) in Sonogashira, Stille, Suzuki polycondensations for P-So, P-St, and P-Su, respectively 168 and d) in Suzuki polycondensation. 169

  very few examples of post-polymerization modification on low band-gap polymers are available in the literature. Most of these examples include catalyst transfer methods adapted to metal catalyzed cross-coupling polymerizations originally exhibiting a step-growth character. 173 Figure 28 represents the ideal case of post-polymerization modifications on stepgrowth polymers where the end chains are not deactivated and still bear stannyl, borane or halogen end groups.

Figure 28 :

 28 Figure 28: Schematic representation of the post-polymerization modification in Stille/Suzuki polycondensations.

Figure 29 :

 29 Figure 29: Chemical structures of end-functionalized conjugated polymers via postpolymerization modifications. Adapted from Zang et al. 174

Figure 30 :

 30 Figure 30: Substrates grafted with conjugated polymers and their applications 175

Figure 31 :

 31 Figure 31: Schematic illustration of the grafting from technique

Figure 32 :

 32 Figure 32: Synthetic methodology for grafting a low band-gap polymer onto zinc oxide nanoparticles via surface initiation. Adapted from Awada et al. 186

Figure 33 :Figure 34 :

 3334 Figure 33: Schematic illustration of the grafting through technique

Figure 35 :

 35 Figure 35: Chemical structure of thiol side-functionalized polyfluorene and its corresponding photoluminescence spectra bare and grafted onto gold nanorods. Adapted from Sahu et al. 188

Figure 36 :

 36 Figure 36: The different synthetic routes to obtain block copolymers. Adapted from Hardeman et al. 156

  copolymerized mono bromo end-functionalized P3HT of various molar masses with AA and BB type monomers in a one-pot reaction via Stille polycondensation. The second block, called PNDIT2 and based on naphthalene-bis-(dicarboximide) (NDcI), shows low band-gap characteristics and the final material presents a band gap of 1.72 eV. 199 After purification by preparative SEC to remove the excess of unreacted P3HT, they yielded a mixture of triblock P3HT-b-PNDIT2-b-P3HT and diblock P3HT-b-PNDIT2. OPV devices made with these materials showed better performances than simple polymer blends. Actually, the block copolymers showed a PCE of 0.55% when annealed at 150°C and the polymer blends only exhibited a PCE of 0.05% with the same annealing conditions. 200 Lin et al. found a new tool to avoid residual homopolymer impurities during the preparation of macro end-capper of P3HTs.

Figure 37 :

 37 Figure 37: Synthesis of rod-coil block copolymer based on low band-gap polymer via the macroinitiator method. Adapted from Van de Wetering et al. 196

Figure 38 :

 38 Figure 38: Synthesis of rod-rod block copolymer based on low band-gap polymer via the macro end-capper copolymerization method. Adapted from Wang et al. 199

Figure 39 :

 39 Figure 39: Synthesis of rod-coil block copolymer based on low band-gap polymer via the grafting-to method. Adapted from Zappia et al. 201,202

  For instance, Todd et al. worked on the one-pot synthesis of all-conjugated block copolymer via sequential monomer addition containing two rod segments: the poly(5,6difluorobenzotriazole-alt-4-hexylthiophene) (PFBTzHT) block made through KCTP and the P3HT block initiated thanks to the Ni-terminated first block (Figure40). The final block copolymer shows low band-gap behavior in thin films: bathochromic shifts are observed as the percentage of P3HT increases in the various block copolymer compositions. The major advantage of using controlled synthesis, contrary to conventional synthetic methods, is the obtaining of well-defined donor-acceptor conjugated polymers with narrow dispersities and predictable molar masses.203 

Figure 40 :

 40 Figure 40: Synthesis of rod-rod block copolymer based on low band-gap polymer via the sequential monomer polymerization. Adapted from Todd et al. 203

  acceptor interface and promotes the exciton dissociation into free charge carriers. Compared to blends, all-conjugated block copolymers show self-assembly properties in thin films where the less soluble block aggregates first and the second block influences the nanoscale domain size of these aggregates. The nature and size of each block have an importance on the self-assembly behavior. Moreover, the donor-acceptor structure of these block copolymers can provide a broad light absorption to the visible-NIR region with the complementarity of the block absorption. Covalently linked donor and acceptor units enhance the control of the mesoscale assembly and interfacial structure. Single-component bulk heterojunction in OPVs are thermodynamically stable with tunable domain sizes improving the exciton dissociation and the charge extraction.205 However, studies on fully conjugated D-A block copolymers involving a low band-gap block are rare in the literature as their synthesis remains challenging. As seen previously, rod-rod block copolymers can be done via different synthetic methodologies.Concerning the macroinitiator method, only few examples of rod-rod block copolymers, involving at least one low band-gap block, synthesized through this technique were found in the literature. For instance, Wang et al. reported the synthesis of all-conjugated D-A-D triblock copolymers via this method. They synthesized a poly(N,N'-bis(2-decyltetradecyl)-1,4,5,8naphthalene diimide-co-thiophene) (PNDITh-Br2) presenting bromine end-groups via a Stille polycondensation and showing a band gap of 1.5 eV. The chain ends were obtained by controlling the molar ratio in order to have the brominated monomer in slight excess compared to the stannylated one. Then, they used this polymer as a macroinitiator to initiate the KCTP of the second block composed of P3HT in presence of a Ni-catalyst. As the macroinitiator presents bromine functionality at each chain end, the resulting material is a triblock copolymer (Figure41). The efficiency of the second polymerization was proved by SEC: the triblock shows an increase in Mn and a decrease of Ð compared to the macroinitiator. Low dispersity(1.15) is the result of living nature of the KCTP process. As Higashihara's group focused on the synthetic methodology, they did not use the final material to fabricate OPV devices.206,207 On the contrary, several examples of this kind of material made through the macro endcapper copolymerization method were reported. For instance, Nakabayashi et al. employed this method to yield a fully conjugated donor-acceptor triblock copolymer composed of P3HT block as donor and poly(naphthalene bisimide) (PNBI) block as acceptor segmend, labelled as P3HT-PNBI-P3HT (Figure42). First, P3HT blocks were synthesized via quasi-living Grignard metathesis polymerization and end-functionalized with bromine end-groups. Then, a Yamamoto coupling polymerization of the PNBI was performed by using the P3HT blocks as macro end-capper. The final triblock and impurities (coupled-P3HT, P3HT and PNBI homopolymers, P3HT-PNBI diblock copolymers) were separated by Soxhlet extraction with proper solvents. Thin films of the triblock copolymer show a low band-gap around 1.46 eV without thermal annealing and a lower band-gap around 1.39 eV when annealed 30 min at 200°C. After confirmation of the HOMO/LUMO levers by cyclic voltammetry (CV), the triblock copolymer was used as acceptor material in all-polymer solar cells by blending it with P3HT as donor material. The device showed a PCE of 1.28% when annealed at 200°C demonstrating the efficient use of PNBI as non-fullerene acceptor in all-polymer solar cells.208 

Figure 41 :

 41 Figure 41: Synthetic routes for PNDITh-Br2 (a), and all-conjugated ABA-type tiblock copolymer via KCTP (b). Adapted from Wang et al. 206,207

Figure 42 :

 42 Figure 42: Synthetic route for P3HT-PNBI-P3HT fully conjugated donor-acceptor triblock copolymer. Adapted from Nakabayashi et al. 208

Figure 43 :

 43 Figure 43: Synthetic route for fully conjugated D-A block copolymers P3HT-b-PBIT2. Adapted from Wang et al. 210

Figure 44 : 1 . 2 .

 4412 Figure 44: 1. SEC chromatograms of P[3HT-r-3OT]-b-PFTBT block copolymers overlaid with P[3HT-r-3OT] macro end-capper (black). Adapter from Lee et al. 213 2. Synthetic route for fully conjugated D-A block copolymers pPDIV-b-pBDTTDPP-b-pPDIV. Adapted from Rahmanudin et al. 214

Figure 46 :

 46 Figure 46: Synthetic routes for (a) the macroinitiator PCPDTBT-Ph-TIPNO, (b) the rod-coil block copolymer PCPDTBT-b-P4VP via the macroinitiator method, and (c) the rod-coil block copolymer PCPDTBT-b-P(s-co-4VP) via the grafting-to method. Adapted from Zappia et al. 224

Figure 47 :

 47 Figure 47: Current density vs voltage characteristics of hybrid solar cells based on CdSe nanocrystals/PCPDTBT homopolymer blend with no additive (black) and containing 1% of rod-coil block copolymer obtained via the grafting-to method. Adapted from Zappia et al. 224
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Figure 48 :

 48 Figure 48: TEM images of rod-coil block copolymer-based water-processable nanoparticles films. Adapted from Ferretti et al. 226

  Unreacted C60 was removed by several filtrations and centrifugations. Even though the rod block presents a low band-gap of 1.77 eV, the final material does not show the same features: the maximum absorbance is reached at 450 nm in solution. The efficiency of the grafting-to method was assessed by SEC, Fourier-transform infrared spectroscopy, and fluorescence measurements. The latter showed a fluorescence quenching of the F6T2 block owing to electron-transfer processes with C60. The material was used as compatibilizer in various amounts to prepare OPV devices based on a blend of acceptor F6T2 and donor C60. The

Figure 49 :

 49 Figure 49: Synthetic route for a) the coil P(S-co-VBC) via RAFT polymerization and b) the rod-coil block copolymer P(S-co-VBC-C60)-b-F6T2-b-P(S-co-VBC-C60) via the grafting-to method. Adapted from Bicciocchi et al. 229

Table 7 :

 7 Summary of the rod-coil block copolymers involving a low band-gap polymer reported in the literature: a determined by SEC; b optical band-gap of the block copolymer in thin films c optical band-gap of the low band-gap block

  co-VBC-C60)-b-F6T2-b-P(S-co-VBC-C60) DEH-PPV-b-PI
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 22 photoluminescence to show specific quenching of the polymer fluorescence by the metal oxide.
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 121 Scheme 1: Synthetic methodology for the end-capping of low band-gap polymers (considering a complete conversion)
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 11212 Figure 1: 1 H NMR spectra of P(DTS-BT)-BrS(1) (a) and P(DTS-BT)-BrV (b) (400 MHz, CDCl3)

Figure 3 :Figure 4 :

 34 Figure 3: MALDI-TOF general spectrum of P(DTS-BT)-BrS(2)

Figure 5 :Figure 6 :

 56 Figure 5: SEC chromatograms of the copolymers synthesized in this study (UV detector)

  𝑤𝑒𝑖𝑔ℎ𝑡 % 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑃(𝐷𝑇𝑆 -𝐵𝑇) = (𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑍𝑛𝑂@𝑃𝐷𝑇𝑆𝐵𝑇 )-(𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑏𝑎𝑟𝑒 𝑍𝑛𝑂) 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑜𝑓 𝑃(𝐷𝑇𝑆-𝐵𝑇)
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 9102111213 Figure 9: TEM images of a) bare ZnO NPs b) ZnO@SiP(DTS-BT) c) and d) ZnO@CatP(DTS-BT)
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 1524 Figure 15: Photoluminescence excitation (λem = 820 nm) spectra of chloroform solutions of P(DTS-BT), grafted ZnO@P(DTS-BT) particles and a mixture composed of bare ZnO and P(DTS-BT)

Figure 16 :

 16 Figure 16: Device architecture of inverted structure of the fabricated organic solar cells
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 172 Figure 17: Current density versus voltage characteristics a) in the dark and b) under illumination of the inverted solar cell devices ITO/ZnO/ ZnO@P(DTS-BT):P(DTS-BT)/MoO3/Ag -0.1 0.0 0.1 0.2 0.3 0.4 0.5 -20 -15 -10 -5 0 5 10 15 20

Scheme 1 :

 1 Scheme 1: Synthetic routes to 2,5-diazapentalene monomer: (i) sodium, iron chloride, t-amyl alcohol, di-isopropylsuccinate; (ii) Lawesson's reagent, chlorobenzene; (iii) K2CO3, acetone, ethylhexylbromide; (iv) N-bromosuccinimide, chloroform

  and 7.91 ppm associated with the Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap conjugated polymers 137 aromatic protons (b) and (c) of the thiophene, and a doublet of doublets centered at 7.26 ppm belonging to the aromatic protons (d) of the thiophene.

( b )

 b , (c), and (d) of the thiophene, respectively. The successful substitution of the oxygen atoms by sulfur atoms is confirmed by the chemical shift (shielding) of the protons peaks compared to the 1 H NMR of the DPP molecule (Figure1).

Figure 1 : 1 H

 11 Figure 1: 1 H NMR spectrum of 3,6-dithiophene-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4dione DPP molecule (400 MHz, d6-DMSO)

  H NMR spectrum shows the three aromatic protons (a), (b), and (c) of the thiophene between 7.23 and 8.12 ppm. The multiplet centered at 3.58 ppm corresponds to the two aliphatic protons (d) in α position of sulfur atoms confirming the successful S-alkylation of the DAP molecule.

Figure 2 : 1 H

 21 Figure 2: 1 H NMR spectrum of 2,5-diazapentalene DAP molecule (400 MHz, d6-DMSO)

Figure 3 : 1 HFigure 4 : 1 HChapter 3 :

 31413 Figure 3: 1 H NMR spectrum of alkylated 2,5-diazapentalene DAP molecule (400 MHz, CDCl3)

  a. Synthesis of the rod alternating copolymers The dibrominated 2,5-diazapentalene (DAP) and the distannylated 4,4'-bis(2-ethylhexyl)-5,5'-bis(trimethyltin)-dithieno[3,2-b:2',3'-d]silole (DTS) monomers were polymerized via a Stille cross-coupling polycondensation, using a Pd 0 catalyst (Pd2(dba)3), the tri(otolyl)phosphine ligand (P(o-tol)3), and the 4-bromostyrene as an end-capper (monofunctional)

1 H

 1 NMR spectrum, obtained at 80°C to enhance the solubility of the polymer chains, shows two areas assigned to the thiophene groups: the first zone between 7.81 and 8.41 ppm belongs to the aromatic protons (a) and the second zone between 7.39 and 7.72 ppm is related to the aromatic protons(b) and (c). The multiplet centered at 3.63 ppm corresponds to the two aliphatic protons (d) in α position of sulfur atoms on the alkyl chains. The CH, CH2, and CH3

Figure 5 : 1 HCH2Cl2Chapter 3 :

 513 Figure 5: 1 H NMR spectrum of the styrenic end-functionalized P(DTS-DAP)5-S alternating copolymer (400 MHz, toluene-d8)

Figure 6 :

 6 Figure 6: SEC-THF chromatograms of the three styrenic end-functionalized P(DTS-DAP)-S alternating copolymers (UV-Visible detector set at 700 nm)

  When coupled to more reactive radicals, nitroxides become alkoxyamines where the C-O bond can break homolytically at elevated temperature. The fragmentation gives two compounds: a transient alkyl (R3) • and a stable nitroxide radical (R1)(R2)N-O • . 21 In this thesis project, we employed the MAMA-SG1 (BlocBuilder ®), kindly provided by Arkema (France). The nitroxide SG1 was discovered and patented by Grimardi et al. in 1996 and is also called DEPN, N-tert-butyl-N-(1-

  Scheme 4: Synthetic methodology for nitroxide end-functionalized rod alternating copolymer: a macroinitiator

Figure 7 : 150 Table 2 :Figure 8 :

 715028 Figure 7: Superimposition of 1 H NMR spectra of the styrenic end-functionalized P(DTS-DAP)5-S alternating copolymer and the nitroxide end-functionalized P(DTS-DAP)5-MAMA-SG1 macroinitiator (400 MHz, toluene-d8)

Figure 9 :

 9 Figure 9: Semi-logarithmic kinetic plots of ln((1-p) -1 ), where p represents the overall monomer conversion, versus time for n-butyl acrylate (nBA) polymerizations via NMP with macroinitiators P(DTS-DAP)-MAMA-SG1

  ppm.The large peak at 4.07 ppm corresponds to the two aliphatic protons (e) in α position of the ester function of n-butyl acrylate in the coil block. Other peak centered at 2.35 ppm belongs to the protons (f) of n-butyl acrylate in the coil block. The integral of the protons (a),(b), and (c) was calibrated at 30 protons and was compared to the integral of the protons (e) to estimate a number average degree of polymerization (DPn) of the coil block. For the polymerization performed at 115°C, the integral of the two protons (e) is equal to 220 while the integral of the six protons (a),(b), and (c) is equal to 30. Hence, the DPn of the coil block is equal to 110. The DPn of the other block copolymers were estimated with the same calculation. The DPn of the rod and coil blocks were calculated from 1 H NMR and reported in Table3. Generally, the three block copolymers present short rod blocks and long coil blocks.NMR diffusion-ordered spectroscopy (DOSY) was performed in the same solvent as 1 H NMR in order to assess the effective formation of the P(DTS-DAP)-b-P(nBA) block

Figure 10 : 1 HChapter 3 :

 1013 Figure 10: 1 H NMR spectrum of the rod-coil block copolymer P(DTS-DAP)5-b-P(nBA)110 (400 MHz, C2D2Cl4)

Figure 11 :

 11 Figure 11: NMR DOSY spectrum of the rod-coil block copolymer P(DTS-DAP)5-b-P(nBA)110 (400 MHz, C2D2Cl4)

  On chromatograms, bimodal distributions are observable. This result is in agreement with what was shown in DOSY NMR with the double population. The superimposition of SEC traces of the styrenic end-functionalized P(DTS-DAP)7-S alternating copolymer, the nitroxide endfunctionalized P(DTS-DAP)7-MAMA-SG1 macroinitiator, and the rod-coil block copolymer P(DTS-DAP)7-b-P(nBA)520 in Figure 13 confirms that the peak at lower molar masses correspond to residual P(DTS-DAP) homopolymer.In Figure13, the shift of the block copolymer SEC chromatogram towards higher molar masses proves that the macroinitiator was chain extended by the P(nBA) coil block. However, the maximum of the low molar masses shoulder on the chromatogram of the block copolymer has the same abscissa than the residual peak of the low band-gap homopolymer. This result means that the final material is composed of a mixture of residual unreacted rod blocks and block copolymers. The same observations were made for the other rod-coil block copolymers, P(DTS-DAP)5-b-P(nBA)110 and P(DTS-DAP)9-b-P(nBA)450. Yet, the shoulders are more intense for these two block copolymers.

Figure 12 :

 12 Figure 12: SEC-THF chromatograms of the three rod-coil block copolymers P(DTS-DAP)-b-P(nBA) (UV-visible detector set at 700 nm)

4 a

 4 based on the 1 H NMR; b measured by SEC with a UV-Visible detector at 700 nm

Figure 13 :

 13 Figure 13: SEC-THF chromatograms of the styrenic end-functionalized P(DTS-DAP)7-S alternating copolymer, the P(DTS-DAP)7-MAMA-SG1 macroinitiator, and the rod-coil block copolymer P(DTS-DAP)7-b-P(nBA)520 before and after purification (UV-visible detector set at 700 nm)

Scheme 8 :

 8 Scheme 8: Synthetic methodology for rod-coil block copolymer via the macro end-capper copolymerization method

  (d') to the doublets centered at 4.84 and 2.91 ppm, respectively. The protons (e) and (f) were attributed to the multiplet from 3.88 to 4.42 ppm and the doublet centered at 3.36 ppm, respectively. The calculated integrals fit the attribution and the assignment corresponds to the one of the minor diastereoisomer obtained by Dufils et al. Such attribution implies that only one diastereoisomer was synthesized instead of two diastereoisomers in the work of Dufils et al. This result was confirmed by using the 31 P NMR

Figure 15 :

 15 Figure 15: NMR COSY spectrum of the second generation alkoxyamine MAMA-SG1-styrene (400 MHz, CDCl3)

Figure 16 :

 16 Figure 16: 31 P NMR spectra of the second generation alkoxyamine MAMA-SG1-styrene (400 MHz, CDCl3) with a) with 1 H coupling and b) without 1 H coupling

Scheme 10 :Figure 17 :

 1017 Scheme 10: Synthetic methodology for phenyl end-functionalized coil homopolymer

Figure 18 : 1 H

 181 Figure 18: 1 H NMR spectrum of the coil homopolymer P(nBA)55-MAMA-SG1-styrene (400 MHz, C2D2Cl4)

Figure 19 :

 19 Figure 19: SEC-THF chromatogram of the coil homopolymer P(nBA)55-MAMA-SG1-styrene (RI detector)

The 1 H

 1 NMR was performed in C2D2Cl4 to confirm the bromination on the aromatic ring. In Figure 20, the spectrum shows a large peak at 4.08 ppm corresponding to the two aliphatic protons (d) in α position of the ester function of n-butyl acrylate. Other peaks centered at 2.33 ppm and 0.97 ppm belong to the protons (f) and (g) of n-butyl acrylate. Considering the aromatic protons, the attribution was slightly more complex. Actually, the final material is a mixture of brominated and non-brominated polymer chains. The protons of the non-brominated phenyl group (a) and (c) have their signals centered at 7.30 and 7.23 ppm, respectively. The protons of the brominated phenyl group (a') have their signals centered at 7.54 ppm: a deshielding of the protons occurs as the bromine atom (an electronegative atom) is installed on the phenyl group. Finally, the signal centered at 7.16 ppm belongs to protons of both the brominated and non-brominated phenyl group (b) and (b').

Figure 20 : 1 H

 201 Figure 20: 1 H NMR spectrum of the bromine end-functionalized coil homopolymer P(nBA)55-MAMA-SG1-styrene-Br (400 MHz, C2D2Cl4)

1 H

 1 NMR was performed to verify the proton structure of the final material in the THF fraction. In Figure21, the spectrum, obtained at 60°C to enhance the solubility of the rod polymer chains in tetrachloroethane (C2D2Cl4), shows a multiplet between 7.10 and 8.18 ppm assigned to the thiophene protons (a), (b), and (c). The signal at 4.10 ppm corresponds to the two aliphatic protons (e) in the α position of the ester function of n-butyl acrylate in the coil block. Finally, the signal centered at 3.65 ppm belongs to the four aliphatic protons (d) in α position of sulfur atoms on the alkyl chains of the rod block. Integrals of the protons (a), (b), (c), (d) and (e) were compared to estimate a number average degree of polymerization (DPn) of the rod block. The integral of the two protons (e) is equal to 110 while the integral of the six protons (a), (b), and (c) is equal to 172 and the integral of the four protons (d) is equal to 115.Hence, the rod block is two times smaller than the coil block suggesting the DPn of the rod block is equal to 29.DOSY NMR was performed in the same solvent as 1 H NMR in order to assess the effective formation of the P(DTS-DAP)-b-P(nBA) block copolymers by the macro end-capper copolymerization method. In Figure22, the DOSY NMR spectrum of the rod-coil block copolymer P(DTS-DAP)29-b-P(nBA)55 shows a zoomed view of the DOSY experiment with the related 1 H spectrum projected on the top and the diffusion coefficients on the vertical axis.

Figure 21 : 1 H

 211 Figure 21: 1 H NMR spectrum of the rod-coil block copolymer P(DTS-DAP)29-b-P(nBA)55 (400 MHz, C2D2Cl4)

Figure 22 :

 22 Figure 22: NMR DOSY spectrum of the rod-coil block copolymer P(DTS-DAP)29-b-P(nBA)55 (400 MHz, C2D2Cl4)

Figure 23 :

 23 Figure 23: SEC-THF chromatograms of the coil homopolymer P(nBA)-MAMA-SG1-styrene (RI detector) and the rod-coil block copolymer P(DTS-DAP)29-b-P(nBA)55 (UV-Visible detector set at 700 nm)

Figure 24 :

 24 Figure 24: Visible-NIR absorption spectra of the rod copolymers in CHCl3

Figure 25 :

 25 Figure 25: Visible-NIR absorption spectra of the rod-coil block copolymers in CHCl3

Figure 26 :

 26 Figure 26: Superimpositions of the Visible-NIR absorption spectra of the rod copolymers and the corresponding rod-coil block copolymers in CHCl3

Figure 27 :

 27 Figure 27: Visible-NIR absorption spectra of the rod-coil block copolymer P(DTS-DAP)7-b-P(nBA)520 and the rod copolymer P(DTS-DAP)5 in CHCl3 solutions and in thin films

  aromatic ring dithieno[3,2-b:2',3'-d]silole rich in silicon in the polymer backbones. The transition temperatures of one neat rod alternating copolymer P(DTS-DAP)9 and the four neat block copolymers P(DTS-DAP)5-b-P(nBA)110, P(DTS-DAP)9-b-P(nBA)450, P(DTS-DAP)7-b-P(nBA)520, and P(DTS-DAP)29-b-P(nBA)55 were analyzed by differential scanning calorimetry (DSC).

Figure 28 :

 28 Figure 28: TGA thermograms of the rod copolymer P(DTS-DAP)9 and the rod-coil block copolymer P(DTS-DAP)9-b-P(nBA)450

Figure 29 :

 29 Figure 29: a) First and second heating and b) first and second cooling DSC thermograms of the rod copolymer P(DTS-DAP)9 obtained with a scanning rate of 20°C.min -1

Figure 30 :

 30 Figure 30: First, second, third, and fourth heating DSC thermograms of the block copolymer P(DTS-DAP)5-b-P(nBA)110 obtained with a scanning rate of 20°C.min -1

Figure 31 : 1 Figure 32 :

 31132 Figure 31: First and second heating DSC thermograms of the block copolymer P(DTS-DAP)9-b-P(nBA)450 obtained with a scanning rate of 20°C.min -1

Figure 33 :

 33 Figure 33: First, second, third, and fourth heating DSC thermograms of the block copolymer P(DTS-DAP)29-b-P(nBA)55 obtained with different scanning rates

  Figure 36: a) GIWAXS geometry; b) Integration planes; Schematic c) edge-on and d) face-on P3HT orientations. Adapted from Johnston et al. 83

Figure 35 :

 35 Figure 35: Pictures of thin films of the rod copolymer P(DTS-DAP)9 and the rod-coil block copolymers P(DTS-DAP)29-b-P(nBA)55 and P(DTS-DAP)9-b-P(nBA)520

Figure 37 :

 37 Figure 37: a) GIWAXS patterns of the rod copolymer P(DTS-DAP)9 thin films coated from chlorobenzene solution at different temperatures and their corresponding 2D GIWAXS profiles reduced from the b) out-of-plane and c) in-plane directions

Figure 38 :

 38 Figure 38: a) GIWAXS patterns of the rod-coil block copolymer P(DTS-DAP)29-b-P(nBA)55 thin films coated from chlorobenzene solution at different temperatures and their corresponding 2D GIWAXS profiles reduced from the b) out-of-plane and c) in-plane directions

3 nm - 1 .

 1 These results confirm the amorphous nature of the P(DTS-DAP)9-b-P(nBA)520, observed by DSC experiments and Visible-NIR spectrophotometry, which could be due to the presence of long coil block chains.

Figure 39 :

 39 Figure 39: a) GIWAXS patterns of the rod-coil block copolymer P(DTS-DAP)9-b-P(nBA)520 thin films coated from chlorobenzene solution at different temperatures and b) their corresponding 2D GIWAXS profiles reduced from the out-of-plane, the in-plane, and the azimuthal directions

  synthetic strategy is similar to the one described in Chapter 3, but the nature of the coil block is different. a. Synthesis of the rod alternating copolymers The dibrominated 2,5-diazapentalene (DAP) (synthetic details reported in Chapters 3 and 5) and the distannylated 4,4'-bis(2-ethyl-hexyl)-5,5-bis(trimethyltin)-dithieno[3,2-b:2',3'd]silole (DTS) monomers were polymerized via a Stille cross-coupling polycondensation in the same conditions as described in Chapter 3. The 4-bromostyrene was employed as an end-capper (monofunctional) to obtain a styrenic end-functionalized polymer (Scheme 2). 4-bromostyrene was selected as an appropriate end-capper due to its Stille polymerizable bromophenyl group and the presence of the styrene unit allowing unambiguous characterization of the resulting end-functional material. Most importantly, this styrene unit allows radical polymerization. The stoichiometry of the reagents was maintained according to the Carothers equation introduced in Chapter 2:

1 H

 1 Scheme 2: Synthetic methodology for styrenic end-functionalized rod alternating copolymer

Figure 1 : 1 H

 11 Figure 1: 1 H NMR spectrum of the styrenic end-functionalized P(DTS-DAP)7-S alternating copolymer (400 MHz, toluene-d8)

Figure 2 :

 2 Figure 2: SEC-THF chromatograms of the two styrenic end-functionalized P(DTS-DAP)-S alternating copolymers (UV-Visible detector set at 700 nm)

8. 1

 1 and 8.27 ppm belongs to the aromatic protons (a) and the second zone between 7.38 and 7.56 ppm is related to the aromatic protons (b) and (c). The multiplet centered at 3.62 ppm corresponds to the two aliphatic protons (d) in α position of sulfur atoms on the alkyl chains.

Figure 3 :

 3 Figure 3: Superimposition of 1 H NMR spectra of the styrenic end-functionalized P(DTS-DAP)7-S alternating copolymer and the nitroxide end-functionalized P(DTS-DAP)7-MAMA-SG1 macroinitiator (400 MHz, toluene-d8)

Figure 4 :

 4 Figure 4: Superimposition of the SEC-THF chromatograms of the styrenic end-functionalized P(DTS-DAP)-S alternating copolymers and the nitroxide end-functionalized P(DTS-DAP)-MAMA-SG1 macroinitiators (UV-Visible detector set at 700 nm)

Figure 5 :

 5 Figure 5: Semi-logarithmic kinetic plot of ln((1-p) -1 ), where p represents the overall monomer conversion, versus time for eDEGA and mOEGA copolymerizations via NMP with macroinitiator P(DTS-DAP)10-MAMA-SG1

Figure 6 : 1 H

 61 Figure 6: 1 H NMR spectrum of the rod-coil block copolymer P(DTS-DAP)7-b-P(eDEGA-co-mOEGA)43 (400 MHz, C2D2Cl4)

Figure 7 :

 7 Figure 7: NMR DOSY spectrum of the rod-coil block copolymer P(DTS-DAP)7-b-P(eDEGAco-mOEGA)43 (400 MHz, C2D2Cl4)

  consistent with the presence of another population shown by DOSY NMR. The superimposition of the SEC traces of the styrenic end-functionalized P(DTS-DAP)10-S alternating copolymer, the nitroxide end-functionalized P(DTS-DAP)10-MAMA-SG1 macroinitiator, and the rod-coil block copolymer P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)740 in Figure 9 confirms that the peak at lower molar masses corresponds to residual P(DTS-DAP) macroinitiator.In Figure9, the shift observed in the SEC chromatogram of the block copolymer towards, higher molar mass compared to that of the macroinitiator, proves the chain extension of P(DTS-DAP) by the P(eDEGA-co-mOEGA) coil block. However, at low molar masses, the SEC chromatogram of the block copolymer exhibits a shoulder at the same abscissa as the residual peak of the macroinitiator. This result means that the final material is composed of a mixture of residual unreacted macroinitiators and block copolymers. The same observations were made for the rod-coil block copolymers P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)400, P(DTS-DAP)7-b-P(eDEGA-co-mOEGA)81, and P(DTS-DAP)7-b-P(eDEGA-co-mOEGA)43.

Figure 8 :

 8 Figure 8: SEC-THF chromatograms of the four rod-coil block copolymers P(DTS-DAP)-b-P(eDEGA-co-mOEGA) (UV-visible detector set at 700 nm)

Figure 9 :

 9 Figure 9: SEC-THF chromatograms of the styrenic end-functionalized P(DTS-DAP)10 alternating copolymer, the P(DTS-DAP)10-MAMA-SG1 macroinitiator, and the rod-coil block copolymer P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)740 (UV-visible detector set at 700 nm)

  Scheme 5: Synthetic methodology for rod-coil block copolymer via the macro end-capper copolymerization method

  H NMR in C2D2Cl4 and the corresponding spectrum is depicted in Figure 11. A large peak at 4.25 ppm is observed, corresponding to the two aliphatic protons (a) in α position of the ester function of acrylates. The other peak centered at 2.40 ppm belongs to the protons (d) of acrylates. The signals centered at 3.41 ppm and 1.24 ppm correspond to the protons (c) of the -CH3 on the mOEGA monomer and to the protons (f) of the -CH3 on the eDEGA monomer, respectively. The protons of the phenyl group (g), (h), and (i) have their signals between 7.0 and 7.4 ppm. Finally, the signal at 3.26 ppm belongs to the proton (j) on the SG1 chain end. Thanks to the integral of the protons of the phenyl group

Figure 10 :

 10 Figure 10: Semi-logarithmic kinetic plots of ln((1-p) -1 ), where p represents the overall monomers conversion, versus time for eDEGA and mOEGA copolymerizations via NMP

Figure 11 : 1 H

 111 Figure 11: 1 H NMR spectrum of the coil copolymer P(eDEGA-co-mOEGA)50-MAMA-SG1styrene (400 MHz, C2D2Cl4)

Figure 12 :

 12 Figure 12: SEC-THF chromatogram of the coil copolymer P(eDEGA-co-mOEGA)50-MAMA-SG1-styrene (RI detector)

2. 42

 42 Scheme 7: Synthetic methodology for bromine end-functionalized coil copolymer

Figure 14 :

 14 Figure 14: a) UV-Visible absorption spectra of the rod copolymers in CHCl3 and b) Visible-NIR absorption spectra of the rod copolymers obtained in Chapter 3 in CHCl3

  The P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)740 and the P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)400, synthesized from the same rod copolymer P(DTS-DAP)10-S, display similar absorption spectra.The same observation was made for the other block copolymers, the P(DTS-DAP)7-b-P(eDEGA-co-mOEGA)81 and the P(DTS-DAP)7-b-P(eDEGA-co-mOEGA)43, synthesized from the same rod copolymer P(DTS-DAP)7-S, where the absorption spectra are similar. Even though the absorption spectra are not complete, the ICT bands of each material display different intensities. By comparison with the parent rod copolymers, the intramolecular charge transfer bands seem to be less intense in block copolymers due to the introduction of a coil block. This result suggests that the intramolecular charge transfer between the rod and the coil blocks is

Figure 15 :

 15 Figure 15: UV-Visible absorption spectra of the rod-coil block copolymers and their corresponding rod copolymers in CHCl3

Figure 17 :

 17 Figure 17: Superimpositions of the Visible-NIR absorption spectra of the rod-coil block copolymers in different solvents

Figure 18 :Figure 19 :

 1819 Figure 18: Temperature elevation of toluene and rod copolymer toluene solutions with different concentrations as a function of irradiation time

Figure 20 :Figure 21 :

 2021 Figure 20: Temperature elevation of chloroform and rod-coil block copolymers chloroform solutions with different concentrations as a function of irradiation time

Figure 22 :

 22 Figure 22: Temperature elevation of water and rod-coil block copolymers aqueous solutions with different concentrations as a function of irradiation time

Figure 23 :

 23 Figure 23: Temperature variations of rod-coil block copolymers aqueous solutions (2 g/L) over 4 cycles of heating and natural cooling

Figure 24 :

 24 Figure 24: Schematic representation of AB diblock copolymer micelles based on 3 macromolecules (number of aggregation Nagg = 3) in a selective solvent of the A block (in green). Adapted from Lespes 42

  First, we investigated the self-assembling behavior of the block copolymer P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)740 dispersed directly in water at a concentration C = 1 g/L by means of dynamic light scattering (DLS). By conducting a preliminary study at different concentrations, it was determined that the concentration C = 1 g/L was the ideal concentration to perform the DLS experiments. The DLS measurements were carried out at an angle of 173° on a Nano-ZS Model ZEN3600 Zetasizer (Malvern, UK). A 4.0 mW He-Ne laser was used, operating at a wavelength of 633 nm. We measured the properties of the aggregates formed before and after filtration using a 0.45 μm PTFE filter. The results are presented in Figure25(upper part: before filtration; lower part: after filtration) and are divided in three type of graphs: the percentage of the scattered intensity as a function of the size (Figure25a and 25d), the corresponding volume percentage of the scatterers as function of the size (Figure25b and 25e), and the autocorrelation function (Figure25c and 25f). In order to understand the results below, the three graphs must be analyzed all together.

Figure 25 :

 25 Figure 25: Dynamic light scattering results obtained from the aqueous solution of the block copolymer P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)740 dispersed directly in water at1 g/L. a) and d) represent the intensity-size distributions; b) and e) the volume-size distributions; and c) and f) the autocorrelation functions. Upper part shows the results obtained before filtration (a, b, c) and lower part after filtration on a 0.45 μm filter (d, e, f)

Figure 26 :

 26 Figure 26: Dynamic light scattering results obtained from the aqueous solution of the block copolymer P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)740 dispersed undirectly in water at 1 g/L. a) and d) represent the intensity-size distributions; b) and e) the volume-size distributions; and c) and f) the autocorrelation functions. Upper part shows the results obtained before filtration (a, b, c) and lower part after filtration on a 0.45 μm filter (d, e, f)

  photoluminescence des films minces et de mesurer les mobilités de charge du matériau.

1 H

 1 NMR P(DTS-BT)-BrS (δ ppm, CDCl3): 8.26-7.76 (m, 28H), 6.73 (q, 1H), 5.78 (d, 1H), 5.26 (d, 1H), 1.46-0.7 (m, 238H) 1 H NMR P(DTS-BT)-BrV (δ ppm, CDCl3): 8.26-7.76 (m, 28H), 4.0-3.8 (m, 6H), 1.46-0.7 (m, 238H) c. General Synthesis of triethoxysilane-terminated P(DTS-BT)-Si

  1 eq) and 15 ml of CHCl3. The solution mixture was degassed for 15 min to avoid oxygen. Under stirring, 0.2 ml (0.170 g, 200 eq.) of triethoxysilane was added drop wise. The mixture was stirred for 30 min at room temperature before the temperature was raised to 55 °C for 5h. Finally, the polymer was precipitated in dry ethanol, filtered under nitrogen and stored in the glove box to avoid hydrolysis/condensation of the polymer end-chain. Yield = 88 %. 1 H NMR (ppm, CDCl3): 8.26-7.26 (m, 4H), 3.86 (s, 6H), 2.67 (t, 1H), 1.46-0.7 (m, 249H) S d. General Synthesis of the catechol-terminated P(DTS-BT)-Cat In a flame-dried 250 ml flask, 100 mg of P(DTS-BT)-BrV (1 eq.) was mixed with 75 ml of dried CHCl3. The flask was placed into an ethanol/nitrogen bath at -40 °C during 15 min to allow a good solubilization. Under stirring, 0.2 ml (0.313 g, 50 eq.) of boron tribromide was added drop wise. The mixture was allowed to go back to room temperature and stirred for 24h at room temperature. Then, the flask was placed into an ice bath at 0 °C and 12.5 ml of distilled water were added to the mixture. The mixture was stirred for 12h at room temperature under vigorous stirring. The solution was concentrated under reduced pressure and the polymer was precipitated in MeOH (400 ml), filtered and stored in the glove-box to avoid hydrolysis/condensation of the polymer end-chain. Yield = 80 %.

  ii. Synthesis of 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dithione (DTPP) In a one necked round bottom flask with a magnetic stirring bar, DPP (3.00 g, 10.0 mmol), previously synthesized and Lawesson's reagent (8.10 g, 20.0 mmol) were added to 100 ml of dry chlorobenzene. The mixture was bubbled with nitrogen for 15 min at room temperature and then stirred at 135°C for 8 hours. The color of the solution turned red to dark green in 6 hours' time. The solution mixture was precipitated in 400 ml methanol and filtered. The precipitate was washed with methanol and Soxhlet extraction was done using ethanol to remove any phosphate by-products. The desired thiolactam intermediate was obtained as a dark green solid and stored under dark and nitrogen (3.1 g, 93% yield).

1 H 31 P 31 P 5 .

 131315 NMR (ppm, d6-DMSO): 12.82 (s, 2H), 9.00 (dd, J = 3.9 Hz, 1.2 Hz, 2H), 8.06 (dd, J = 4.9 Hz, 1.1 Hz, 2H), 7.39 (dd, J = 5.0 Hz, 3.9 Hz, 2H)iii.Synthesis of 1,4-bis((2-ethylhexyl)thio)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole In a one neck roud bottom flask, the mixture of DTPP (2 g, 6.02 mmol), previously synthesized, 2-ethylhexyl bromide (13 mmol), anhydrous powdered K2CO3 (2.8 g, 20 mmol), and acetone (75 ml) was purged with nitrogen for 15 minutes. The reaction was then stirred at reflux overnight. The reaction solvent was removed by vacuum and the crude compound was extracted with chloroform. The solvent was concentrated and the product was purified by Flash Chromatography (silica gel, cyclohexanedichloromethane, 1:1, v/v). A dark green flaky solid was obtained (2.1 g, 63% yield). 1 H-NMR (ppm, CDCl3): 8.12 (d, J = 3.9 Hz, 2H), 7.64 (d, J = 5.0 Hz, 2H), 7.33-7.24 (m, 2H), 3.65-6.45 (m, 4H), 1.96-1.74 (m, 2H), 1.66-1.25 (m, 16H), 1.11-0.81 (m, 12H) c. General synthesis of macroinitiator P(DTS-DAP)-MAMA-SG1 In a flame-dried 25 ml round bottom flask, 100 mg of P(DTS-DAP)styrene (1 eq) was dissolved into 5 ml of dry toluene. The mixture was stirred and sonicated during 30 min prior to add a solution of 25 mg of BlocBuilder ® MAMA-SG1 (2.5 eq) dissolved in 5 ml of dry toluene. The full mixture was sonicated 10 min and degased 20 min under nitrogen to remove oxygen. The flask was placed into an oil bath and stirred for 5 h at 100°C. After cooling, the macroinitiator was precipitated in cold ethanol (200 ml), filtered and washed by ethanol. The final product was dried under vacuum to afford 61 mg (yield 61%) of a dark brown solid. 1 H NMR (ppm, CDCl3): 8.33-7.37 (m, 30H), 6.56 (q, 1H), 5.60 (d, 1H), 5.11 (d, 1H), 3.73-3.48 (m, 20H), 3.35-3.15 (m, 4H), 2.04-0.67 (m, 340H) d. General synthesis of block copolymer P(DTS-DAP)-b-P(nBA) In a one-neck 25 ml round-bottom flask, 9.3 mg of macroinitiator P(DTS-DAP)-MAMA-SG1 (1 eq) was dissolved into 1.9 ml of dry toluene. The mixture was sonicated 1h and stirred overnight to dissolve completely the macroinitiator. 1.85 ml of monomer n-butyl acrylate (nBA ; 6600 eq) was added dropwise into the flask. The mixture was degased 20 min under nitrogen into an ice/water bath to avoid monomer evaporation. The flask was placed into an oil bath previously heated at 130°C and the mixture was stirred for different times depending on the size block targeted. Samples were withdrawn at predefined times for determination of the conversion through 1 H NMR analysis. To end the polymerization, the flask was placed into an ice/water bath and the mixture was poured into a glass Petri dish. After complete evaporation of monomers and solvent, the block copolymer was dissolved into a minimum amount of CHCl3 and transferred in a small glass vial. The final product was dried under vacuum to afford 113 mg (yield 80%) of a dark green sticky putty. 1 H NMR (ppm, CDCl3): 8.25-6.69 (m, 30H), 4.22-3.86 (m, 220H), 3.84-3.30 (m, 20H), 2.49-2.19 (m, 110H) The conversion p was calculated from the following equation: I 4.0-4.5 ppm -2 × I 5.8 ppm 𝑝 = I 4.0-4.50 𝑝𝑝𝑚 × 100 with the integral between 4.0 and 4.5 ppm I4.0-4.5 ppm corresponding to one monomer peak and one polymer peak and the integral at 5.8 ppm I5.8 ppm corresponding to one monomer peak. e. General intermolecular radical addition (IRA) of MAMA-SG1 onto styrene The monoadduct was prepared according to previous work reported by Dufils et al. 4 A solution of the alkoxyamine MAMA-SG1 (3g, 7.86 mmol, 1M) and styrene (7.86 mmol, 1M) in tert-butanol was introduced in a round-bottom flask, deoxygenated by nitrogen bubbling and heated at 100°C for 7h under stirring. The reaction mixture was then concentrated under reduced pressure and precipitated in pentane. To enhance the precipitation, the solution was stored in the fridge during one week. The solid was separated from the liquid by centrifugation at 7,500 rpm during 30 min at 0°C. The solid was dried to obtain a white sticky powder. 1 H NMR (ppm, CDCl3): 7.31-7.14 (m, 5H), 4.88-4.79 (dd, 1H), 4.42-3.88 (m, 4H), 3.36 (d, 1H), 2.91 (dd, 1H), 2.28-2.16 (q, 1H), 1.32 (m, 6H), 1.24 (s, 9H), 1.05 (d, 6H), 0.78 (s, 9H) NMR with 1 H coupling (ppm, CDCl3): 24.9 (m, 1 JPH = 27 Hz, 3 JPH = 7.4 Hz, 1P) NMR without 1 H coupling (ppm, CDCl3): 24.9 (s, 1P) f. General nitroxide-mediated polymerization of homopolymer P(nBA) In a one-neck 10 ml round-bottom flask, 55 mg of alkoxyamine MAMA-SG1-styrene (1 eq) was dissolved in 1.8 ml of dry toluene. 1.218 ml of monomer n-butyl acrylate (nBA; 75 eq) was added dropwise into the flask. The mixture was degassed 20 min under nitrogen into an ice/water bath to avoid monomer evaporation. The flask was placed into an oil bath previously heated at 117°C and the mixture was stirred during 8h. Samples were withdrawn at predefined times for determination of the conversion through 1 H NMR analysis. To end the bath and stirred for 20 minutes at 125 °C. After cooling, the polymer was precipitated in ethanol (200 ml), filtered in a Soxhlet thimble, washed by Soxhlet extraction using ethanol, THF, and chloroform. The THF fraction was dried under vacuum to afford 87.6 mg (yield 97%) of a dark green solid. 1 H NMR (ppm, CDCl3): 8.25-7.25 (m, 172H), 4.11 (m, 110H), 3.86-3.40 (m, 115H) Chapter 4: Experimental Part a. General synthesis of block copolymer P(DTS-DAP)-b-P(eDEGA-co-mOEGA) In a one-neck round bottom flask, 19 mg of macroinitiator P(DTS-DAP)10-MAMA-SG1 (1eq) was dissolved into 1.8 ml of dry toluene. The mixture was sonicated 1h and stirred overnight to dissolve completely the macroinitiator. 2.43 ml of di(ethylene glycol) ethyl ether acrylate monomer (eDEGA, 4700 eq) and 0.64 ml of oligo(ethylene glycol) ethyl ether acrylate macromonomer (mOEGA, 500 eq) were added dropwise into the flask. The mixture was degassed 20 min under nitrogen into an ice/water bath to avoid monomer evaporation. The flask was placed into an oil bath previously heated at 130°C and the mixture was stirred for different times depending on the size block targeted. Samples were withdrawn at predefined times for determination of the conversion through 1 H NMR analysis. To end the polymerization, the flask was placed into an ice/water bath and the mixture was diluted with THF and dialyzed with deionized water using a regenerated cellulose (RC) membrane (weight cutoff: 2.0 kDa). The polymer was passed into a freeze-drier during 3 days to remove water traces. After complete evaporation of water traces, the block copolymer was dissolved into a minimum amount of ethanol and transferred in a small glass vial. The final product was dried under vacuum to afford 69 mg (yield 70%) of a dark green sticky dough. 1 H NMR (ppm, CDCl3): 8.20-6.88 (m, 42H), 4.23 (m, 86H), 2.38 (m, 43H) The conversion p was calculated from the following equation: I 4.0-4.5 ppm -2 × I 5.85 ppm 𝑝 = I 4.0-4.50 𝑝𝑝𝑚 × 100 with the integral between 4.0 and 4.5 ppm I4.0-4.5 ppm corresponding to one monomer peak and one polymer peak and the integral at 5.85 ppm I5.85 ppm corresponding to one monomer peak. b. General nitroxide-mediated polymerization of homopolymer P(eDEGA-co-mOEGA) In a one-neck round bottom flask, 46 mg of alkoxyamine MAMA-SG1-styrene (1 eq) was dissolved in 0.98 ml of dioxane. 2.57 ml of di(ethylene glycol) ethyl ether acrylate monomer (eDEGA, 147 eq) and 0.68 ml of oligo(ethylene glycol) ethyl ether acrylate macromonomer (mOEGA, 16 eq) were added dropwise into the flask. The mixture was degased 20 min under nitrogen into an ice/water bath to avoid monomer evaporation. The flask was placed into an oil bath previously heated at 115°C and the mixture was stirred during 4h.

1 H

 1 NMR (ppm, CDCl3): 7.41-6.99 (m, 5H), 4.21 (m, 100H), 3.41 (s, 31H), 3.26 (d, 1H), 2.39 (m, 50H), 1.24 (t, 153H)The conversion p was calculated from the following equation: between 4.0 and 4.5 ppm I4.0-4.5 ppm corresponding to one monomer peak and one polymer peak and the integral at 5.8 ppm I5.8 ppm corresponding to one monomer peak.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table

  

Chemical structure λmax film (nm) Eg opt (eV) PCE* (%) reference

  

	700 750 780 720	1.68 1.58 1.41 1.55	7.4 6 7.6 8.3	Liang et al. 33 Wang et Abdelsamie et al. 36 Liu et al. 37 al. 32 Zimmerman et al.

: Examples of chemical structures of low band-gap polymers and small molecules and their corresponding performances in organic photovoltaics. * PCEs are obtained in blends with PC61BM or PC71BM.
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Chapter 1: Materials absorbing in the near infrared region and their innovative applications 800 1.38 10.6 You et al. 40 759 1.47 13.18 Gao et al. 44 781 1.39 10.96 Gao et al.

Table 2 :

 2 Examples of chemical structures of low band-gap polymers and small molecules and their corresponding performances in organic photodetectors

Chemical structure Photoresponse max (nm) Eg opt (eV) EQE (%) Detectivity max (Jones) reference

  

	1450	0.8	26	4.2 . 10 13	Gong et al. 57
	1000	1.3	38	2.6 . 10 11	Yao et al. 58
	950	1.0	25	5.0 . 10 8	Perzon et al. 59
	1650	0.74	0.2	10 9	London et al. 60
	1000	1.26	-	1.7 . 10 11	Qi et al. 61
	1100	1.52	23	10 11	Siegmund et al. 62

Table 3 :

 3 Examples of chemical structures of low band-gap polymers and small molecules and their corresponding performances in organic field-effect transistors

	Chemical structure	Eg opt (eV)	(cm²/V.s) 𝝁 𝒔𝒂𝒕 𝒉𝒐𝒍𝒆	(cm²/v.s) 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏 𝝁 𝒔𝒂𝒕	reference
		0.75	7.2 . 10 -3 1.5 . 10 -2 Wang et al. 65
		1.65	0.95	-	Giovannitti et al. 66
		1.38	-	3.2	Matsidik et al. 67
		1.24	8.84	4.34	Lee et al. 68
		1.21	0.01	0.13	Ozdemir et al. 69
		1.65	0.01	0.02	Ozdemir et al. 69

  unit and used it in an OLED device showing an emission range between 600 nm and 1100 nm.82 Recently, Minotto et al. reported one of the highest EQEs in the 650-800 nm emission range by blending a diketopyrrolopyrrole (DPP) derivative and a fluorene-based polymer.[83][84][START_REF] Wang | The Effect of the Backbone Structure on the Thermoelectric Properties of Donor-Acceptor Conjugated Polymers[END_REF] Yeddu et al. fabricated a NIR-OLED based on low band-gap polymer (1 eV) with an emission up to 1100 nm showing also characteristics of NIR-photodetector.[START_REF] Yeddu | Low-Band-Gap Polymer-Based Infrared-to-Visible Upconversion Organic Light-Emitting Diodes with Infrared Sensitivity up to 1.1 Μm[END_REF] Near-infrared organometallics are also useful emitters in OLEDs as Shahalizad et al. demonstrated with the

	efficient use of two neodymium complexes (Nd 3+ ). After doping them with 1,3-bis(9-
	carbazolyl)benzene, the final OLED devices had emission peaks up to 13330 nm but with very
	low EQEs (0.022%). 87

80,81 

Later on, Winder et al. synthesized a novel low band-gap polymer based on the electron deficient benzothiadiazole (BT)

Table 4 :

 4 Examples of chemical structures of low band-gap polymers and small molecules and their corresponding performances in organic light-emitting diodes

	Chemical

structure Eg opt (eV) EQE (%) emission range (nm) ΦPL reference

  

	1.65	0.2	550-1000	Baigent et al.

  efficiency of 40% which is much higher than the one obtained for the widely used Au nanorods for cancer therapy (i.e. 22%).114 Jing's group obtained water-stabilized nanoparticles with strong absorption in the NIR region showing photothermal conversion efficiency up to 32% via

	PEDOT:PSS 111 , and conjugated D-A polymers 112 . Besides, hybrid nanocomposites composed of inorganic nanoparticles and polymers are also employed for theranostic agents in imaging amphiphilic block copolymer (PEG-b-PDLLA). 115 More recently, Wang et al. synthesized nanoscale polymer metal-organic framework (MOF) hybrids based on the zirconium-MOF UiO-66 and polyaniline (PANI) showing 22% photothermal conversion efficiency upon NIR-light irradiation. 116 Recently, Wu et al. reported the synthesis of a NIR photothermal-responsive hydrogel based on a narrow band-gap semiconductor polymer and the poly(N-isopropylacrylamide) (PNIPAAm). Besides having a photothermal conversion efficiency guided photothermal therapy. nanoprecipitation of a D-A-D small molecule based on thiadiazole with a biodegradable around 27%, the composite hydrogels show a rapid and reversible mechanical shrinkage upon

106

,107 Yet, they can show drawbacks: poor aqueous solubility, photobleaching, and low photothermal efficiency. Conjugated polymers can be used in multifunctional nanoplatforms to mix photothermal and drug delivery properties in combination for cancer therapy.

108 

Semiconducting polymer nanoparticles (SPNPs) lead to excellent photothermal conversion efficiencies as they have interesting properties such as photostability, brightness, and cytotoxicity. Most of them are based on polyaniline (PANI)

109 

, polypyrrole (PPy) 110 ,

113 

Liu et al. synthesized a photothermal agent based on dopamine-melanin colloidal nanospheres (DPA-melanin CNSs) absorbing from the UV-visible to NIR regions with a high molar extinction coefficient at 808 nm. The final nanoagent showed a photothermal conversion Figure 10: Working principle of organic photothermal agents. Adapted from Jung et al. 103

NIR-light irradiation making them the perfect candidates for drug delivery applications.

117 

Table 5

 5 

	, entries 3 and 4). 131 Another interesting strong

Table 5 :

 5 Chemical structures of some donor-acceptor low band-gap polymers. Adapted from Havinga et al. 128,129 , Chochos et al. 131 , and Yuen et al. 132

	0.6	Yuen et al. 132
	0.7	Yuen et al. 132
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Table 1 :

 1 Macromolecular characteristics of the synthesized copolymers. feed ratio calculated according to equation (3), b molar equivalent; c calculated from the Carothers equation (2) and based on the hypothesis of 100 % conversion, i.e. 2 end-group per chains; d based on 1 H NMR; e measured by SEC with a UV detector at 678 nm.

	Polymer	r a	NDTS b NBT b NEG b nDTSBT/ nEG c	nDTSBT /nEG d	Mn th c	Mn d	Mn e	Mw e	Ð e
	P(DTS-BT)	1	1	1	0	∞	-	∞	-	5 000	9 200 1.8
	P(DTS-BT)-BrS(1) 0.96	1	0.96 0.08	12	7	13 300 7 900	4 800	8 800 1.8
	P(DTS-BT)-BrS(2) 0.93	1	0.92 0.16	7	5	7 200	5 700	4 500	8 800 2.0
	P(DTS-BT)-BrV	0.94	1	0.94 0.12	9	7	9 200	8 000	4 000	8 000 2.0

a

Table 1 :

 1 Macromolecular characteristics of the synthesized alternating copolymers a feed ratio calculated according to Carothers equations, b molar fraction; c calculated from

	Carothers equations and based on the hypothesis that 100% of conversion is reached; d based
	on 1 H NMR

Table 3 :

 3 Macromolecular characteristics of the rod-coil block copolymers

	Copolymer	Mnrod a	DPnrod a	Mncoil a
		(g.mol -1 )		

  , four diastereoisomers are possible. It means four different molecules can be produced, including two with different phosphorus due to the asymmetric carbon 2. Such result would be verified if two different signals were observed on the decoupled 31 P NMR spectrum. Yet, only one signal is noticeable on the spectrum meaning only one molecule was synthesized. This result is in accordance with the attribution of the 1 H NMR spectrum. Moreover, the 1 H coupled

	Chapter 3: Rod-coil block copolymers with filmogenic properties based on low band-gap
	conjugated polymers
	with *)
	160

31

P NMR spectrum (Figure

Table 5 :

 5 Macromolecular characteristics of the rod-coil block copolymer

	a feed ratio calculated according to Carothers equations; b molar fraction; c based on the 1 H
	NMR d measured by SEC with a RI detector; e measured by SEC with a UV-Visible detector
	at 700 nm

Table 1 :

 1 Macromolecular characteristics of the synthesized polymers a feed ratio calculated according to Carothers equations, b molar fraction; c calculated from Carothers equations and based on the hypothesis that 100% of conversion is reached; d based on 1 H NMR; e measured by SEC with a UV-Visible detector at 700 nm

Table 2 :

 2 Macromolecular characteristics of the macroinitiators a based on the 1 H NMR and with the hypothesis that each chain bore 2 end-capper; b measured by SEC with a UV-Visible detector at 700 nm

	Polymer	Mn a	Mn b	Mw b	Ð b
	P(DTS-DAP)10-S	10000 3600	5100	1.4
	P(DTS-DAP)7-S	7000	3700	5400	1.4
	P(DTS-DAP)10-MAMA-SG1	10400 6900 15500 2.25
	P(DTS-DAP)7-MAMA-SG1	7400	6600 10500	1.6

Table 3 :

 3 Macromolecular characteristics of the rod-coil block copolymers

	Copolymer	Mnrod a	DPnrod a	Mncoil a	DPncoil a	Mn b	Mw b	Ð b
		(g.mol -1 )		(g.mol -1 )		(g.mol -1 )	(g.mol -1 )	
	P(DTS-DAP)10-b-	10000	10	160000	740	8700	19200	2.2
	P(eDEGA-co-mOEGA)740							
	P(DTS-DAP)10-b-	10000	10	87000	400	7800	25000	3.2
	P(eDEGA-co-mOEGA)400							
	P(DTS-DAP)7-b-	7000	7	17600	81	8000	22300	2.7
	P(eDEGA-co-mOEGA)81							
	P(DTS-DAP)7-b-	7000	7	9350	43	7000	20800	2.9
	P(eDEGA-co-mOEGA)43							

Table 4 :

 4 Macromolecular characteristics of the coil copolymer a measured by SEC with a RI detector, values were calculated from conventional calibration using polystyrene standards.; b based on 1 H NMR b. Functionalization of the statistical coil copolymer

Table 5 :

 5 Optical characteristics of the rod-coil block copolymers in different solvents b. Photothermal properties

H NMR was performed to verify the proton structure of the purified block copolymers.

Z.L.S. Seow, A.S.W. Wong, V. Thavasi, R. Jose, S. Ramakrishna, G.W. Ho, Controlled synthesis and application of ZnO nanoparticles, nanorods and nanospheres in dye-sensitized solar cells, Nanotechnology. 20 (2009) 045604. https://doi.org/10.1088/0957-4484/20/4/045604.

P. Dufils, N. Chagneux, D. Gigmes, T. Trimaille, S.R.A. Marque, D. Bertin, P. Tordo, Intermolecular radical addition of alkoxyamines onto olefins: an easy access to advanced macromolecular architectures precursors, Polymer. 48 (2007) https://doi.org/10.1016/j.polymer.2007.06.050

H NMR (ppm, CDCl3): 7.55-6.99 (m, 8.6H), 4.26 (m, 100H),

2.48 (m, 50H) 
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A Electron-accepting unit Before filtration, the autocorrelation function presented in Figure 26c is better than in the previous case (Figure 25c): there is no shoulder at high time values. Nevertheless, we can see several size distributions before filtration (Figures 26a and26b) indicating the presence of multiple populations of scatterers, probably due to the presence of non-soluble objects. These multiple populations could also be due to the presence of residual macroinitiator which is not soluble in water (see Section II. 1) c)). Therefore, the solution was filtered and analyzed by DLS. After filtration, the results are close to those obtained with the first preparation method: we observe less size distributions (Figures 26d and26e). Two populations can then be observed when looking at the intensity size-distributions (Figure 26d) one at 17 nm and another at 146 nm. However, the volume fraction of these large aggregates is negligible compared to the population observed 17 nm. (Figure 26e).

By comparing the different preparation methods, the results obtained look similar. In both methods, the direct dissolution in water or the use of THF as a co-solvent, a population around 15 nm was found which indicates the presence of micelles formed by self-assembly of the block copolymer P(DTS-DAP)10-b-P(eDEGA-co-mOEGA)740.

In addition, the concentrations of each solution before and after filtration prepared via both preparation methods were measured by NIR-Visible spectrophotometry. The results are presented in Table 6. We can clearly see that more solid content is lost after filtration using the first preparation method (i.e. direct dissolution) compared to the use of THF as a co-solvent.

Hence, this last preparation method looks more promising. Nevertheless, the mass loss is still important (even though there is 30% of rod homopolymer in the sample) and some more preparation work is needed to lower it. 

Materials

All reactions were performed under nitrogen using flame-dried glassware and conventional Schlenk tube techniques. Syringes used to transfer reagents or solvents were purged with nitrogen prior use. Chemicals and reagents were used as received from Aldrich (France), ABCR (Germany), and TCI Europe (Belgium) and stored in the glove box. Solvents (Aldrich, France) were used as received. 4,4'-bis(2-ethylhexyl)-5,5'-bis(trimethyltin)-dithieno[3,2b:2',3'-d]silole was purchased from 1-Material and used without further purification. MAMA-SG1 (Bloc Builder ®) was kindly provided by Arkema (France).

Instrumentation

1 H, 31 P, DOSY and COSY Nuclear Magnetic Resonance (NMR) spectra were recorded using a Bruker 400 MHz instrument in deuterated solvents at different temperatures (25°C, 60°C, and 80°C).

Size Exclusion Chromatography (SEC) was performed using a bank of 4 columns (Shodex KF801, 802.5, 804 and 806) each 300 mm x 8 mm at 30 °C with THF eluent at a flow rate of 1.0 ml.min-1 controlled by a Malvern pump (Viskotek, VE1122) and connected to Malvern VE3580 refractive index (RI) and Malvern VE3210 UV-Visible detectors. Conventional calibration was performed against polystyrene standards.

UV-visible absorption spectra were recorded at room temperature on a Shimadzu UV-2450PC spectrophotometer in steps of 1 nm in the range 300 -900 nm using a 1 cm quartz optical cell (Helma).

Visible-NIR absorption spectra were recorded at room temperature on a double beam Cary 5000 spectrophotometer in steps of 1 nm in the range 300 -1600 nm using a 1 cm quartz optical cell (Helma).

Thermal gravimetric analysis (TGA) was performed on a TA-Q50, TA Instruments under nitrogen with a weighing precision of ± 0.01%, a sensitivity of 0.1 μg, isothermal temperature accuracy of ± 1°C, isothermal temperature precision of ± 0.1°C and a controlled heating rate at 10°C/min. Aluminium pan were used. The typical sample weight was ≈ 3 mg and the typical procedure included a heating ramp of 10°C/min up to 600°C.

Differential scanning calorimetry (DSC) was performed with a Mettler Toledo DSC 3+.

Heating and cooling runs at various speed were carried out under a constant flow of nitrogen.

Prior to these measurements, some samples were drop-casted at room temperature and 85°C from chlorobenzene solutions (10 g/L). Thermograms were analyzed with the STARe System Software.

Emission Spectroscopy (Photoluminescence): Corrected steady-state emission and excitation spectra were recorded at 2 nm resolution using a photon counting Edinburgh FLS920 fluorescence spectrometer with a xenon lamp. Concentrations in CHCl3 were adjusted to an absorbance around 0.1 at 670 nm (excitation wavelength) in a 1 cm quartz fluorescence cell (Hellma).

Electron Microscopy (TEM) images were obtained with a TEM 1400 JEOL at 120 kV, HR TEM images were obtained with a JEOL JEM 2200FS FEG HR 200 kV.

Wire-bar coating K101 Control Coater System was used to deposit thin films of chlorobenzene solutions (~ 30 μL) containing materials of interest (10 g/L) onto ~ 1cm x 2cm silicon substrates previously cleaned with deionized water, acetone, and isopropanol and treated 10 min with ozone. The depositions were made onto preheated silicon substrates at different temperatures: room temperature, 35°C, 60°c, and 85°C.

Profilometer was employed to measure the thickness of the films on a Dektak XT Bruker Profilometer with 64-bit parallel processing, true HD color camera and single-arch design.

Grazing incidence wide-angle X-ray scattering (GIWAXS) experiments were conducted at the beamline at ALBA Synchrotron Radiation Facility (Spain). Samples were illuminated for 5 s with an X-ray beam of 12.4 keV at incidence angles between 0.5° and 1°. Scattering patterns were acquired using a Rayonix® LX255-HS detector. f. General procedure for grafting P(DTS-BT) onto ZnO NPs ZnO NPs were dispersed in CHCl3 (2 mg.ml -1 , 12 ml) by ultrasonication for 1h. 2 ml solution of polymer P(DTS-BT) terminated with triethoxysilane or catechol (17.7 mg.ml -1 ) in CHCl3 was added to the mixture. From the ZnO NPs specific surface area (SSA), we calculated that P(DTS-BT) was introduced at 1 chain/nm 2 of ZnO surface in order to not saturate the surface.

The reaction then proceeded at 60 °C for 10h under inert atmosphere. The medium was cooled to room temperature and ZnO@P(DTS-BT) was purified by centrifugation (10,000 rpm, 10 min, 15 °C) with removal of the supernatant containing excess of ungrafted polymer chains. The purification was repeated several times until the UV-visible spectra of the CHCl3 supernatant became featureless (no P(DTS-BT) absorption around 670 nm). The precipitated particles were collected, dried and stored under nitrogen. A change in the color of the ZnO NPs was clearly observable from white to blue after grafting of P(DTS-BT) (dry state). polymerization, the flask was placed into an ice/water bath and the mixture was poured into a glass Petri dish. After complete evaporation of monomers and solvent, the homopolymer was dissolved into a minimum amount of CHCl3 and transferred in a small glass vial. The final product was dried under vacuum to afford 275 mg (yield 82%) of a transparent sticky putty. 

Chapter 3: Experimental Part

Abstract

Nowadays, organic materials absorbing in the near infrared region have found fertile ground in a variety of applications and have significantly contributed in improving optoelectronic devices, bioimaging, biosensing, and biomedical therapies. The development of low band-gap polymers draw particular attention since their reduced bandgaps determine interesting optical and electronic properties. The end-functionalization of these conjugated polymers paves the way to the development of hybrid materials which could improve the performances of optoelectronic devices. Furthermore, rod-coil block copolymers incorporating low band-gap polymers are reachable and could provide broader light absorption, better solubility, as well as self-assembly properties. In this context, the objective of our work was to develop innovative materials based on low band-gap polymers absorbing in the spectral range 650-1000 nm in order to obtain active materials in the near infrared region. We synthesized a new hybrid material by grafting a low band-gap polymer onto ZnO nanospheres via the grafting onto technique. We designed and prepared rod-coil block copolymers involving a low band-gap block via two synthetic method. The first copolymer was based on the use of a coil block with filmogenic properties which we plan to employ as additive in the elaboration of organic infrared photodetectors. The second copolymer was based on the use of a hydrophilic biocompatible coil block in order to obtain water soluble nano-objects with photothermal properties.

Résumé

De nos jours, les matériaux organiques absorbant dans la région du proche infrarouge ont trouvé un terrain fertile dans une variété d'applications et ont contribué de manière significative à l'amélioration des dispositifs optoélectroniques, de la bioimagerie, de la biodétection et des thérapies biomédicales. Le développement de polymères à faible bande interdite retient particulièrement l'attention car leurs bandes interdites réduites conduisent à des propriétés optiques et électroniques intéressantes. La fonctionnalisation de ces polymères conjugués en bout de chaînes ouvre la voie au développement de matériaux hybrides susceptibles d'améliorer les performances des dispositifs optoélectroniques. En outre, les copolymères à blocs rigide-flexible intégrant des polymères à faible bande interdite sont désormais accessibles et pourraient fournir une plus large absorption de la lumière, une meilleure solubilité, ainsi que des propriétés d'auto-assemblage. Dans ce contexte, l'objectif de nos travaux a été de développer des matériaux innovants à base de polymères à faible bande interdite absorbant dans le domaine spectral 650-1000 nm afin d'obtenir des matériaux actifs dans la région proche infrarouge. Nous avons synthétisé un nouveau matériau hybride en greffant un polymère à faible bande interdite sur des nanosphères de ZnO via la technique de grafting onto. Nous avons conçu et préparé des copolymères à blocs rigide-flexible intégrant un bloc à faible bande interdite via deux méthodes de synthèse. Le premier copolymère est composé d'un bloc flexible aux propriétés filmogènes que nous prévoyons d'utiliser comme additif dans l'élaboration de photodétecteurs infrarouges organiques. Le second copolymère présente un bloc flexible biocompatible et hydrophile afin d'obtenir des nano-objets hydrosolubles aux propriétés photothermiques.